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ABSTRACT
Zeolites are hydrated microporous aluminosilicate crystals. They are of great interest 
to the scientific and engineering communities due to their ability to catalyse reactions, ion- 
exchange and be size selective in their admittance of molecules. The main experimental work 
described in this thesis measures the long range transport rate of water through macroscopic 
powder samples of zeolite 4A using recent developments in broad-line NMR imaging 
techniques.
Samples consisting of contacting beds of packed zeolite 4A powder were prepared 
with a step function concentration profile of water between the two beds. The equilibration 
of the water between the beds was then monitored as a function of time using a NMR 
broadline profiling technique. This long range transport process was investigated as a function 
of temperature, initial hydration and resident cation. Long range self diffusion experiments 
were also performed by preparing one bed with the tracer molecule deuterium oxide. This 
gives a constant concentration profile across the two beds. Experiments were performed as 
a function of temperature. A detailed diffusion model was then derived, describing the long 
range transport of water through beds of zeolite 4A as a function of temperature and 
hydration. The long range transport was found to be an inteiplay between liquid 
intracrystalline diffusion and faster interparticle vapour diffusion. The relative importance of 
the two processes with respect to the effective transport rate, depends on the overall 
concentration in the bed. A concentration and temperature dependence is given.
A set of mobility weighted, stray field imaging (STRAFI) profiles were taken of thin 
films of sodium silicate solutions during drying, as a function of temperature. It was found 
that for moderate drying temperatures up to 70°C, the mobility of water molecules within 
sodium silicate is dependent on local hydration and is independent of drying history.
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CHAPTER 1
INTRODUCTION AND BACKGROUND THEORY
The aim of this thesis is to describe work which was performed in order to investigate 
the dynamics of self and transport diffusion of water within porous media. These are affected 
by the geometrical and physical properties of the medium. In particular, the aim is to 
investigate the long range bulk transport of water through macroscopic powder samples of the 
industrial grade zeolite, zeolite 4A and the drying of thin films of hydrated sodium silicate 
solutions.
Zeolite 4A exhibits much faster water adsorption rates when it exists as a finely 
divided powder exposed to the atmosphere, than when it is prepared into a tightly packed bed 
of the powder. The loosely packed, dried powder can fully hydrate in a few hours at 25°C, 
at a typical laboratory relative humidity of about 50%, whereas several days are required for 
the same amount of powder to fully hydrate when packed tightly into a bed and exposed to 
the atmosphere under the same conditions. This is to be expected since the surface area of 
particles of zeolite exposed to the atmosphere is very much reduced in the case of the bed. 
Hence the effective adsorption and therefore transport rate of a macroscopic bed of powder 
is a function of tlie geometry and packing of the bed, as well as of temperature and relative 
humidity. The experimental work performed on zeolite 4A measured the diffusion coefficients 
of bulk transport of water over macroscopic distances within packed beds of zeolite 4A 
powder as a function of various parameters. A model was then derived to describe the 
transport as a function of these parameters.
The measurement of the long range transport diffusion coefficient of a molecule in a 
medium is performed by exposing a macroscopic sample of the medium to a concentration 
gradient of the molecules under investigation. This is a different scenario to self diffusion 
which is measured by monitoring the mixing of a number of the diffusant molecules with a 
number of tracer molecules. These can be a radioactive isotope of the diffusant or an NMR 
insensitive molecule with similar properties to the diffusant molecule. Since this is performed 
using a homogenous concentration of molecules within the medium, it is much more 
concerned with the natural motion of the diffusant as opposed to long range bulk transport,
which is very much a macroscopic study of the geometric and physical effects of the lattice.
The traditional method of measuring long range transport rates in porous media is by 
adsorption uptake (Barrer, 1971). This method is difficult to use; the influence of non- 
diffusive processes has to be eliminated from the observed adsorption response curves and 
the interpretation of the subsequent results is notoriously difficult. Complications with the 
experimental procedure and the subsequent data processing are mainly due to the finite rate 
of sorption heat release due to external transport resistances in both the outlet valves and the 
surrounding atmosphere, as well as on the surface of the individual crystals (Karger and 
Pfeiffer review, 1987).
The Bulk NMR relaxation times, T^  and Tg of water molecule hydrogen protons are 
related to the mobility of the molecules (Harris, 1989). Hence when measured for zeolitic 
water molecules, the NMR relaxation times yield a measure of the microscopic mobility only. 
The addition of pulsed field gradients measures the change in phase of the NMR signal as the 
result of self diffusion through a field gradient in a unit time and hence measures the self 
diffusion coefficients of the water molecules for the same short range motion.
Karger, Seiffert and Stallmach (1992) measured long range transport diffusion using 
NMR imaging but this was performed on hexane in zeolite NaX, using a liquid state imaging 
sequence. The time scale of this pulse sequence was sufficient for the measurement of protons 
in hexane, which have a linewidth of approximately 200Hz at 20°C in zeolite NaX, but this 
would not be sufficient to overcome the very broad resonance lines exhibited by surface water 
molecule protons in zeolite 4A of about 2kHz at the same temperature and hence its use on 
water molecule protons in zeolite 4A would only image the most mobile species.
The recent developments in broad-line magnetic resonance imaging such as the 
gradient echo steady state sequence (McDonald, Perry and Roberts, 1993) now allow the near 
quantitative imaging of water and other molecules within porous media such as rocks, 
cements and zeolites. This was not possible with conventional liquid state imaging sequences. 
This is because the effect of the porous medium on the molecules through motional 
confinement and other phenomena resultsin the molecules exhibiting very broad resonance 
lines and hence short relaxation times. This is not the case for free liquids where the 
resonance line is motionally narrowed and lattice effects such as susceptibility and 
paramagnetic broadening are less of a problem. The gradient echo imaging sequence is 
described in detail later in this chapter and measurements acquired using it are described in
chapters 3 and 4.
Some of the more specialist concepts applicable to the NMR broad-line imaging of 
water diffusion in zeolite 4A, are described later in the remainder of this chapter along with 
a description of other considerations required to understand the work described in this thesis. 
A detailed background of all the basic NMR concepts is not given and the reader is referred 
to the texts available, such as Slichter (1963), Farrar and Becker (1971) for NMR principles 
and Callaghan (1991) for NMR imaging.
1.1 RELEVANT NMR CONCEPTS
Magnetic nuclei such as the hydrogen protons of water molecules align in an external 
magnetic field to produce a bulk nuclear magnetisation Mq, in the field direction. If  the 
magnetisation is disturbed from equilibrium, it processes about the magnetic field at the 
Larmor frequency cOl given by:-
where y is the magnetogyric ratio and Bq is the static magnetic field strength. This 
disturbance is usually made by a resonant pulse of electromagnetic radiation. Following the 
pulse, the magnetisation relaxes back to its equilibrium value Mq. Relaxation takes place in 
the plane orthogonal to the magnetic field (usually taken as the x-y plane) and in the parallel 
direction (z axis). All resonant nuclear spins are affected by both relaxation processes 
simultaneously. The relative rates of the two processes however, depend very much on the 
system of interest
For a simple one component system, the growth of longitudinal magnetisation as a 
function of time following a 90° pulse, is given by:-
M/t)=Mo(l-exp(^)) 1.1.2
where M  ^is the z-axis component of magnetisation immediately following the resonant pulse, 
Mo is the initial magnitude of the magnetisation polarised with the longitudinal static magnetic 
field and T^  is the characteristic time constant of longitudinal relaxation; the spin-lattice 
relaxation time. The decay of transverse magnetisation as a function of time, following a 90°
pulse, is given by:-
M,.,j,(t)=Mo exp (^ ) 1.1.3
Where M  ^y are the tr ansverse components of magnetisation and is the characteristic time 
constant of transverse relaxation; the spin-spin relaxation time.
For a typical laboratory magnet of field strength 1 Tesla, the resonant frequency of 
hydrogen protons required to stimulate longitudinal relaxation is 42.57 MHz. This frequency 
corresponds to the energy spacing (in frequency units) of the two nuclear spin Zeeman states 
of the proton in the field. Longitudinal relaxation occurs by stimulated transitions between 
these states. This frequency is encountered naturally within the motional frequency spectrum 
of a macroscopic ensemble of nuclei at room temperature. The perturbative field is provided 
by the rotational motion of neighbouring nuclear spins. Frequency components of rotational 
motion at the resonant Larmor frequency and twice the Larmor frequency, cause stimulated 
transitions through T^  relaxation processes. Static magnetic interactions cause dephasing of 
the spins in the tranverse plane and hence cause Tg relaxation to occur. Figure 1.1(a) shows 
an idealised motional frequency spectrum, J(co), for a system of mobile liquid molecules. The 
number of molecules with motional frequency components at the Larmor frequency and at 
low frequencies is lower than shown in figure 1.1(b), which represents the same system of 
molecules at either a lower temperature or in some way motionally confined, as in a viscous 
liquid, so that the motional frequency bandwidth of such a system is reduced. The T^  and Tg 
relaxation rates (l/T j and l/T j) are correspondingly larger for case (b). Case (c) represents the 
same ensemble of spins, sufficiently motionally confined as to cause them to exist as a solid.
In reducing the bandwidth of motional frequencies from that of case (a) through case 
(b), to that of case (c), the rate of spin spin relaxation (l/T^) increases monotonically, since 
the power density at zero frequency J(co=0) continues to increase with reducing bandwidth. 
The rate of spin lattice relaxation (l/T j) however, incurs a maximum in the region of 
where (27t)o)(.'^  is the correlation time of the moleculai* motion. The rate of spin lattice 
relaxation (1/TJ then reduces monotonically with decreasing co. The point of inflection is 
known as the Tj minimum. The frequency domain signal, which is the quantity of most 
interest in NMR imaging, is the result of Fourier Transformation of the time domain signal 
represented by equation 1.1.3. The quantity obtained in the frequency domain is described as
J(œ)
•a
û )l Cû(Hz)
Figure 1.1 Shows a schematic diagram of an idealised motional frequency spectrum of an 
ensemble of nuclear spins. Case (a) shows the typical spectrum of a bulk liquid, whereas case 
(b) lepiesents the same system of spins undergoing motional confinement or subjected to a 
lower temperature. Case (c) represents the same ensemble cooled or confined sufficiently for 
the spins to exist as a solid. This is known as the rigid lattice, limit.
The Ti and T% relaxation times are inversely proportional to the relative abundance of nuclear 
spins which possess motional frequency components at the resonant frequency and zero 
frequency respectively.
the resonance line shape. The bandwidth of the resonance line is referred to as the linewidth 
and is dependent on the spin spin relaxation time Tg, according to the following relationship:-
FWHM linewidth=—  1.1.4
71 T j
where FWHM is the full width half maximum of the resonance line. The linewidth is related 
to the width of the Zeeman levels for an ensemble of interacting spins (Slichter,
1963). Hence the line shape exhibited by a molecular system is determined partly by the 
spectrum of motional frequencies possessed by the molecules. It is also determined by other 
magnetic interactions acting on the system.
Since the main purpose of the work described in this thesis is to perform NMR broad­
line imaging experiments on water in zeolite 4A, an important consideration is the lifetime 
of the transverse nuclear magnetisation of the zeolitic water molecule protons following a 
resonant pulse and hence the linewidth. This is a function of both the molecular mobility of 
the water molecule protons and the interactions which affect them, as a result of interactions 
with the zeolite lattice and other phenomena. Examination of the free induction decay (FID) 
of zeolitic water protons, reveals that it contains two discrete exponential decay components, 
characterised by two discrete Tg values. A long decay component of order a few ms at 25”C, 
which is nonetheless significantly less than that for bulk water at 25®C and a very short decay 
component, with a Tg value of about 150}J,s.
The zeolite crystalline structure will be described in detail later, but it is sufficient to 
say at this point, that it consists of two different size cavities; a relatively large one called the 
alpha cage and a smaller one called the beta cage. It is believed that the long component is 
representative of the mobile water molecules in the large alpha cages. However, it is not 
known whether the short component is representative of beta cage water molecules, or of 
alpha cage surface molecules exclusively, or of a complicated combination of the two cases. 
This last scenario is the most likely. It is possible that there is rapid exchange of water 
between different sites in which case the situation is similar to the rapid exchange model 
described by Zimmerman and Brittin (1957) in their description of the lifetime of a water 
molecule in an adsorbing phase on silica gel. The observed relaxation rate l/Tj^ bs is then 
described by:-
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1.1.5
‘2ft
where; fpi is the fraction of molecules experiencing one phase of mobility and T^ pi is the 
relaxation time of water in that phase. fp2 and Tgpg characterise another phase of different 
mobility. Hence the observed relaxation rate becomes a weighted average of the T j times of 
water molecules exchanging between two or more phases. It is also possible that the long 
component is a weighted average of the more mobile components.
The lifetime of the magnetisation of water molecules in zeolite 4A is also affected by 
a number of magnetic interactions. The small size of the zeolite beta cages is very likely to 
cause a large amount of confinement on the free motion of the water molecules within. This 
is analogous to case (b), in figure 1.1, where the motional frequency bandwidth of the 
molecules is reduced, either due to a reduction in temperature or due to motional restriction. 
Hence the induced relaxation rate will be higher for this confined species with respect to bulk 
water, with a correspondingly shorter T .^
The dipolar interaction is the predominant interaction applicable to water molecule 
protons, particularly for those in close proximity to one another. The dipolar interaction is 
described by the dipolar Hamiltonian. A convenient representation is the truncated version of 
Van Vleck:-
H D =r^[A +B +C +D +E+F] 1.1.6
where:
A=Ii2ljij(l-3cos^e) 1.1.7
1. 1.8
1.1.9
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I^+I^gl2 ]sm8cos8exp(<|)) 1.1.10
E = ,I^ ,s iii^ e ex p (-2 i< f)) 1.1.11
F — |li_l2.siii20exp(2i<l)) 1.1.12
where r, 0 and <j) are spherical polar coordinates. In mobile liquids the dipolar Hamiltonian 
average® to zero due to the random tumbling motion of the molecules. This phenomenon is
referred to as motional line narrowing. In less mobile liquids and in solids however, the effect
of motional line narrowing is much less pronounced, resulting in broader lines and
correspondingly shorter T% times. Paramagnetic line broadening also occurs in zeolites, where
the electrons associated with iron and other paramagnetic impurities have an associated
dipolar interaction. The magnetogyric ratio of the electron is 657 times larger than that of the
proton, implying that paramagnetic impurities are a marked problem. (Resing and Thompson,
1968). As a result, it is extremely important to obtain zeolites with negligible paramagnetic
impurities, for NMR measurements, if broadline methods are not to be used. They are
paramount in this work, as industrial grade zeolite 4A is used. Another source of signal loss
can occur as the result of translational diffusion of molecules in the presence of spatially
dependent magnetic fields. Such susceptibility effects induce phase shifts in the spin
transverse magnetisation and hence cause spin spin relaxation (Packer, 1973).
The effects of static magnetic field inhomogeneity can be refocussed by the use of the 
spin echo technique (Callaghan, 1991). The dipolar interaction, when not averaged to zero for 
mobile liquids, can be reduced by the use of multiple pulse line narrowing sequences which 
are discussed later. Dephasing as a result of diffusion through susceptibility gradients in 
porous media cannot be refocused. Static magnetic field inhomogeneity is a problem in all 
forms of magnetic resonance imaging, where the variation in local Larmor frequencies as a 
result of local field strength variation, causes a reduction in the phase coherence of the 
transverse component of magnetisation and hence causes a reduction in the T^  time, with 
respect to an ensemble of spins in a perfectly homogeneous field. The characteristic T% time 
as a result of static magnetic field inhomogeneity is known as T *^. Although the spin echo 
technique is specific to . the measurement of T%, it also demonstrates a general principle in 
NMR, of increasing the timescale of the measurable signal. Following an Rf pulse, there is
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always a finite receiver response time, known as the dead time, T^, during which no 
magnetisation can be detected. For molecular systems which have a component 7%, for which 
Td is a significant proportion, extension of the signal life-time is an essential requirement.
In summary; the main experimental difficulty encountered in solid state imaging in 
general, is to overcome the extremely broad lines which are the result of the sum of pertinent 
interactions and the result of motional confinement. This is particularly relevant to water 
molecules in zeolite 4A.
1.2 NMR IMAGING
The superposition of a field gradient on top of the already present static magnetic field 
Bq has the effect of causing an ensemble of similar nuclei to process with a range of Larmor 
frequencies. This allows the introduction of spatial resolution to the magnetisation signal. The 
spread of frequencies in the presence of a field gradient is given by :-
w(i)=YB^+yG.r 1-2.1
where (o(r) is the Larmor frequency as a function of position and G is the gradient field 
strength. This enables the position of the spins within the field to be identified and is the 
essence of NMR imaging. In the absence of a field gradient, the acquired frequency domain 
signal is the resonance line, which is a delta function broadened by the relevant interactions 
acting on the system and is the Fourier transform of the time response of the system. In the 
presence of a field gradient, the resonance line is convoluted by the frequency spread of the 
gradients and now becomes a one-dimensional profile of the spin density of the ensemble and 
hence a one-dimensional image. The frequency domain NMR signal I(o)), is given by:-
I(a))=r% (co)e^“^^>‘dG) 1-2.2J 0),
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where 0)^  and co^  are the upper and lower limits of the frequency domain spread of the image 
p is the spin density and r is the distance. This signal is Fourier Transformed to yield p(co), 
the actual image.
The superposition of further gradients; each orthogonal to the first each add a further 
possible imaging dimension, although the complexity of the signal acquisition and 
manipulation increases with the number of orthogonal gradients. Two dimensional imaging 
techniques, including phase encoding and back projection have not been included in this thesis 
since they are not relevant to the discussion.
The idea of NMR imaging was first suggested by Lauterbur (1973) in his article to 
Nature, where he demonstrated the technique by imaging two test-tubes of water in two 
dimensions using the method of back projection to transform the acquired time domain signal 
into a frequency domain image. Mansfield and Grannell (1973) at about the same time, 
added gradients to a multiple-pulse line nanowing spectroscopy sequence used on solids and 
imaged layers of camphor. Apart from this solid-state breakthrough, liquid-state imaging 
flourished well ahead of solid-state imaging for some time, because the line widths 
encountered in solids proved prohibitively broad, with spin-spin relaxation times of the order 
of tens of microseconds.
The minimum distance Ar, which can be resolved in an NMR image, is defined by the 
linewidth Ao) (or Tj) and the gradient strength G (Blumler and Blumlich, 1993):-
Ar=— =—^  1.2.3yG T^yG
This means that for a spatial resolution in liquid imaging of 0.5 mm, field gradients 
must be used with a frequency equivalence of about lOHz/cm to 5kHz/cm, which are easily 
realised. The much broader natural line width in solids usually caused by static dipolar 
interactions, is about 10 to 50 kHz, requiring gradients varying from 0.2 to 1 MHz/cm to 
achieve the same resolution which is difficult, especially for larger objects (Wind and 
Yannoni, 1979).
This problem was attacked in two ways. One was to artificially narrow the line by 
multiple pulse line-narrowing sequences which cancelled terms in the dipolar Hamiltonian 
responsible for the dipolar broadening by spin manipulation and averaging, such as the 
Wahuha-4 sequence (Waugh et al, 1968) and the MREV-8 sequence (Mansfield, 1971 and
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Rhim et al, 1973), proposed independently. More pulse sequences followed, including 
McDonald and Tokarczuk (1989), which incorporated sinusoidally oscillating gradients which 
alleviated switching times involved with pulsed gradients and also used sub-90® pulses. The 
removal of chemical shift was performed by Miller and Garroway (1989) and line narrowing 
was performed by Chingas et al (1986). NMR imaging ideas were reviewed by Jezzard et al, 
(1991). The second line of thought was to reduce the time-scale of the experiment. This was 
done by Cottrell et al (1991) with their gradient echo steady state sequence. This involved a 
large magnitude, sinusoidally oscillating field gradient; large enough in magnitude to 
overcome line broadening due to the lack of motional line narrowing present in solids and 
motionally reduced liquids and susceptibility and paramagnetic broadening encountered in 
solids. The latter two phenomena were not considered by the line narrowing multiple pulse 
sequences. Another benefit of this technique was its simplicity compared to a complicated 
pulse sequence; the number of pulse errors increases with the number of pulses of different 
phases used. The gradient echo steady state technique used in the imaging experiments 
described in this work was developed by McDonald, Perry and Roberts (1993) and is a variant 
of the method described by Cottrell et al.
The reciprocal space vector k, introduced by Mansfield (1975), is given by:-
k=—Î—vGt 1.2.4(2 t c ) '
The k-vector has a magnitude expressed in units of reciprocal space m '\ Conceptually, the 
magnitude of the k-vector is proportional to the product of the gradient strength and the time 
for which it has been applied and for this reason, is only useful when time dependent 
gradients are used. Each point on the k-space diagram represents the point in time that the 
magnetisation is sampled. The locus through k-space that the magnetisation experiences, under 
the influence of the gradient echo sequence is a linear one along the k^  axis, since only the 
z-gradient was used here. The spacing of these points however, is i a sinusoidal one, as 
shown in figure 1.2.1.
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The gradient echo steady state NMR imaging technique.
The gradient echo steady state technique is a variant of the broadline gradient echo 
technique, developed by Cottrell et al (1991). A sinusoidally oscillating field gradient is 
employed which is set up long before the Rf pulse sequence is applied, oscillating at a 
frequency of 4.6kHz. A single pulse of small flip angle (high bandwidth) is then applied 
every few gradient cycles at a gradient node and a gradient echo recorded one cycle later. 
Using the gradient echo method, the shortest T^  which can be imaged and the resolution which 
can be obtained, are determined by the amplitude and frequency of the oscillating gradient. 
The pixel resolution r, is given by:-
8 r = ^ ^  1.2.5
2ygbT
where go is the gradient amplitude and x is the gradient period. For a pulse of 90® length t^ o, 
the ends of the sample at positions ±L/2, where L is the sample length, experience a gradient 
field of maximum magnitude given by:-
B 1-2-6
* 2 T
where it is assumed that the centre of the pulse coincides with the gradient zero crossing. The 
magnitude of the radio frequency field for a 90® pulse is:-
The assumption here is that Bp»Bg, This gives a restriction on the maximum number of 
pixels in the field of view. Rearranging equations 1.2.5 to 1.2.7, gives:-
N =— < ------ — ------Ôr 1.2.8t^ s in (-^ )
IT
Clearly, N^ ax is improved by making the pulse shorter. Figure 1.2.2, shows the pulse timing 
diagram for the Gradient echo steady state sequence. The signal to noise reduced by the
16
1.5
0.5
-0.5
-1.5
/ \
Kx
\
Kz
/
■1.5 -0.5 0.5 1.5
Figure 1.2.1 The trajectory through k-space of the total magnetisation as a result of the 
gradient echo steady state pulse sequence. Each point represents the sampling of 
magnetisation in time. The sinusoidal spacing represents a cyclic gradient strength in the z- 
axis gradient. The sequence is one-dimensional only.
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m
Figure 1.2.2 The pulse timing diagram for the gradient echo steady state pulse sequence. The 
sinusoidally oscillating field gradient is established long before the Rf pulse. The refocussing 
of transverse magnetisation caused by the oscillating gradient results in a signal echo at every 
subsequent gradient node.
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reduced pulse length, is recovered by using a train of rapidly repeating pulses, as in steady 
state free precession. Using a pulse repetition time less than and results in interference 
of the transverse and longitudinal components of the magnetisation, which yields a steady 
state signal (Ernst, Bodenhausen and Wokaun, 1987).
A thirty six degree Rf pulse was found to be optimum and was applied at the zero 
crossing of the oscillating gradient. This was important if the pulse was not to be degraded 
by the gradient. The shortness of the Rf pulse was a trade off between reduced operation time 
and hence reduced pulse distortion and reduced signal to noise and hence image degradation. 
The reversal of the gradients in the second half of the oscillation caused a refocussing of the 
magnetisation in the transverse plane and hence a gradient echo was generated at time 
intervals given by mx. The full first echo was recorded. After n gradient cycles, a second 
pulse was applied and the recorded echo added to the first. This was repeated until a 
sufficient signal to noise ratio had been achieved. The total acquired signal was then passed 
through a linearisation procedure, to account for the time dependence of the gradient. The 
linearisation required was essentially that the effect of the sinusoidal gradients had to be 
corrected for. This was the same as transforming the k-space diagram in figure 1.2.1. to one 
where the spacing between the points is equal. The signal was then Fourier Transformed to 
yield a one dimensional profile.
The parameters of the imaging sequence where 100 averages, 19 gradient cycles with 
an echo time of 216 micro seconds, a gradient sine frequency of 4.6 kHz, an Rf pulse length 
of 4 microseconds, an Rf tip angle of the spins of 36° and a Larmor frequency (static field) 
of 30MHz (0.7 Tesla). A number of imaging experiments were performed where *H NMR 
images were taken as a function of time of an inhomogenous water concentration profile 
equilibrating through a bed of zeolite 4A industrial catalyst, using the gradient echo steady 
state sequence. The same experimental procedure and equipment was used for all these 
experiments. They are mentioned in full detail throughout the remainder of the thesis.
A 30MHz 0.7 Tesla superconducting magnet was used in conjunction with an SMIS 
personal computer based spectrometer and actively shielded gradient coils. The magnet had 
a 200mm diameter horizontal bore, with a shimmed homogeneity of 20ppm over 100mm and 
a field stability of less than 0.05ppm/hr. The SMIS computer generated waveforms and 
controlled sequence timing with 100 nanosecond resolution and performed the data capture. 
The Rf pulses were amplified by an external Heatherlite 400W amplifier. The received NMR
18
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Figure 1.2.3 A Schematic diagram of the NMR spectrometer used for the water in zeolite 4A 
imaging experiments described in chapters 3 and 4.
19
signal was amplified by a preamplifier; protected from the transmitter by a set of crossed 
diodes. The signal was then demodulated and quadrature real and imaginary signals filtered 
and converted by the analogue to digital converter boards. These were lOMHz Loughborough 
sound boards operating with eight bit resolution. The data collection and Fourier 
Transformation of the acquired signal was performed by the SMIS computer, with software 
written by Dr. Steven Roberts.
The spectrometer was tuned up using an FID and phased and frequency shifted until 
the real component of the quadrature signal was at a maximum and the imaginary component 
minimised and flat. Figure 1.2.3 shows a breakdown of the spectrometer. A variable 
temperature controller was used in the bore of the magnet to control the imaging temperature. 
This was allowed to equilibrate for a few hours before the experiments were commenced. 
Once the bore was at the correct temperature, the sample was prepared, positioned in the 
centre of the magnet and the magnet bore sealed to maintain the temperature. Images were 
then taken as a function of time at intervals depending on the rate of advance of the water 
in the sample. Images were taken every hour for the first few hours to ascertain this rate. The 
acquired time domain data was then linearised and Fourier Transformed. This resulted in an 
ASCII file containing four columns of numbers representing respectively, the frequency (x) 
axis and the modulus, real and imaginary parts of the image as the y-axis. This file was then 
displayed in a suitable data visualisation program such as Easyplot, to allow data manipulation 
such as normalisation and integration and was then analysed.
The gradients were high power, fast switching coils, actively shielded with an 80mm 
bore. They were powered by three phase Techron amplifiers. The gradients were sinusoidally 
driven and were incorporated into a tuned circuit to reduce inductance. They were tuned to 
4kHz for a sinusoidal period of 216 microseconds. The maximum gradient strength was 121 
Gauss per cm at 216 microseconds, with a linear region of 3cm. in diameter. They were 
operated typically at 10% power for the gradient echo imaging.
The probe used was a bird-cage Rf coil, constructed from copper foil placed onto a 
glass NMR tube. The coil was designed and built by T. Benson and gave good quality images 
at 216 microseconds.
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1.3 ZEOLITES
Zeolites are of extreme importance to the chemical process industry. They are 
aluminosilicate crystals based on arrangements of the silicon oxide and aluminium oxide 
tetrahedral structures. The relative proportion of the aluminium oxide tetrahedra with respect 
to the silicon oxide tetrahedra, varies from equal proportions in zeolites such as 4A, to no 
aluminium in the siliceous species. Zeolites can be naturally occurring or synthetic and are 
a member of the family of framework silicates, of which the feldspars and feldspathoids are 
also members (Breck, 1974).
The ionic charge of the silicon oxide tetrahedron is neutral, hence pure siliceous 
zeolites have no ionic character. Zeolites that do contain aluminium, (the exact amount is 
characterised by the silicon/aluminium ratio) do have ionic character since the A P  ion 
requires an extra positive charge to stabilise it with respect to the four oxygen atoms 
surrounding it. For this reason, aluminium sites within the lattice are less positively charged 
than the surrounding framework and hence attract singly charged positive ions such as sodium 
in solution. They are known as active sites for this reason. The presence of active sites in the 
lattice give zeolites their ability to act as ion exchangers and water softeners in the detergent 
industry and other chemical processes. Since the usefulness of the zeolite as an ion exchanger 
depends on it having the highest possible number of aluminium sites present, the zeolites such 
as 4A, with a silicon/aluminium ratio of one, are the most useful to the chemical process 
industry and hence are manufactured in large quantities. Zeolite 4A, the most important to the 
detergent industry, which is used in large amounts in soap powders, is crystallised from 
amorphous alkaline gels containing sodium, silicon and aluminium. Zeolite 4A is also a 
molecular sieve since the different pore sizes allow the zeolite to be selective in its admittance 
of adsorbed molecules.
Zeolite 4A powder used in this work is of industrial grade and exists as powder 
particles of about 3 microns in diameter. In large numbers, the crystallites appear as a soft, 
white powder. It is also made into pellets for large scale chemical processes. The unit cell of 
zeolite 4A consists of anangements of truncated octahedra of silicon aluminium oxide 
tetrahedra of 6.6 Angstroms diameter. Eight of the truncated octahedra or beta-cages, sit at 
the corners of a cube joined together by oxygen atoms surrounding a large cavity of eleven 
Angstroms diameter, known as the alpha-cage (Breck, 1964). A unit cell structure of zeolite
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Figure 1.3.1 A diagram of the full unit cell of zeolite 4A. The central cavity is the alpha cage 
with an internal diameter of eleven angstroms. Each of the cuboctahedra surrounding the 
alpha cage are beta cages of 6.6 Angstroms internal diameter. Each successive vertex on the 
diagram represents the centre of an aluminium or silicon oxide tetrahedra since zeolite 4A has 
an aluminium/silicon ratio of one.
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4A is shown in figure 1.3.1.
Zeolite 4A exhibits the property of adsorption. This is the process where a molecule 
is absorbed and then binds on to the surface. In particular, zeolite 4A has a great affinity for 
adsorbing water and the dehydrated structure can be filled with water, solely from 
atmospheric moisture, extremely rapidly. This results in zeolite 4A existing as a hydrated 
crystal. The pseudo unit cell, which consists of an eighth of an alpha cage, contains twenty 
three water molecules and an eighth of a beta cage which contains four water molecules.
Zeolite 4A can be hydrated and dehydrated completely reversibly without any 
detrimental effect on the ciystal structure. The behaviour of adsorption of the zeolites is 
described by a vapour uptake curve known as the adsorption isotherm. There is a separate 
adsorption isotherm for each zeolite and adsorbate pair. This describes the amount of 
adsorbate adsorbed at a given relative humidity of adsorbate and temperature. The behaviour 
of water molecules within the unit cell of zeolite 4A has been studied but little is known 
about the macroscopic behaviour of water inside crystallites on a longer range scale. Hence 
the purpose of this thesis is to investigate the long range transport of water using NMR 
solid-state imaging techniques. The adsorption isotherm for water in zeolite 4A is shown in 
figure 1.3.2.
There are twelve sodium ions in the hydrated zeolite 4A unit cell. Eight are located 
near the centre of the six-rings inside the alpha cage (Broussard and Shoemaker, 1960). This 
is referred to as site I. The remaining four sodium ions are located with water molecules in 
the eight-rings at site II. Water molecules form a pentagonal dodecahedron in the aipha-cage 
(Harada and Tomita, 1967). In zeolites with small cavities, the cations are in contact with few 
water molecules. As the cavity size increases, the cations may be surrounded by water 
molecules in a hydration shell. The water essentially behaves as an isolated liquid phase in 
the large cavities (Breck 1974).
The zeolite 4A structure with a silicon/aluminium ratio of one, can be considered as 
an electrostatic field with each active site acting as a point of attraction for sodium ions or 
the slightly positively charged proton of the water molecule; formed from the character of the 
hydrogen bond with the electronegative oxygen atom. Hence diffusion of polar molecules 
within the crystal structure of zeolite 4A is a thermally activated hopping process where each 
molecule has to possess sufficient thermal energy, kT; (where k is the Boltzmann constant 
and T is the temperature in Kelvin), to break contact with each active site.
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Figure 1,3.2 The adsorption isotherm for water in powdered zeolite 4A, The curve represents 
the number of water molecules adsorbed for a given vapour density of water molecules.
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Since the fields from two active sites are identical, the overall work done in moving 
a water molecule from one site to another is zero and hence the zeolite field is conservative. 
However, there is an activation jump energy required to leave each active site, which is then 
recompensed at the arrival of each new active site. The activation energy for intracrystalline 
diffusion is calculated experimentally in chapter three.
A water molecule consists of two hydrogen atoms bonded to a central oxygen atom 
by a covalent bond. The O-H bond length is 0.965 angstroms and the two protons have a 
bond angle with respect to the oxygen atom of 104.5 degrees. The electronegative oxygen 
atom pulls the electron of the proton slightly towards it which has the effect of making the 
water molecule ionic in character. The protons are then slightly positively charged and are 
attracted to negatively charged species. The oxygen atoms are slightly negatively charged and 
hence are attracted to positively charged species. This bond is known as the hydrogen bond 
and is peculiar to the oxygen hydrogen pair. The slightly ionic character of the covalent 
hydrogen bond give it unique characteristics.
1.4 DIFFUSION
Diffusion is the study of the natural progressive motion of a molecule through an 
environment in which there may or may not be an interaction with the surrounding lattice. 
The root mean square displacement per unit time of a molecule is governed by the thermal 
Boltzmann energy of the molecule and by the number of collisions per unit time that the 
molecule undergoes with its surroundings. The rate of diffusion is characterised by the 
coefficient of diffusion, D. The relationship between the two quantities, is given by:-
Lrms=v/ ^
where L is the root mean square displacement and t is the time. The bulk diffusive 
properties of an ensemble of like molecules moving from one place to another, without an 
interaction with the surrounding lattice, is described by a simple diffusion equation (Crank, 
1975):-
1.4.2
St
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This simply states that the rate of change of concentration, or flux per unit time, 
flowing past a reference point, is proportional to the product of the diffusion coefficient and 
the curvature of the concentration gradient acting across the reference point, when the 
diffusion coefficient is independent of concentration. Systems of interest however, such as 
porous media like solvents in polymers, water and oil in rock and water in zeolites have 
shown generalised Fickian tendencies, where the diffusion coefficient has varied quite 
markedly as a function of concentration. In such cases as these, the diffusion equation is 
modified to allow the introduction of a concentration dependent diffusion coefficient and is 
then given by equation 1.4.3.
— = A (D (Q — ) 1.4.3
8 t ax ax
Equations 1.4.2 and 1.4.3 describe the long range bulk diffusion of molecules when a 
concentration gradient is present across the system of interest. The microscopic random 
Brownian motion of a molecule surrounded by a homogenous concentration of like molecules 
is characterised by the coefficient of self diffusion, Dgg,f and is measured using labelled 
molecules such as radioactive isotopes which have identical physical and chemical properties. 
Equal concentrations of labelled and unlabelled molecules are prepared and the progress of 
the labelled molecules into the unlabelled molecules is monitored as a function of time. Since 
only an interchange of labelled and unlabelled molecules is involved, the true mobility of the 
labelled molecules with respect to the stationary solution is measured and hence the self 
diffusion coefficient is the ti'ue measurement of the fundamental motion of the molecule in 
question. In general, the self diffusion coefficient is the same as the bulk transport diffusion 
coefficient unless there is a gradient of chemical composition. This is because the jump 
frequency of a molecule in the presence of a concentration gradient is still equal in all 
directions as it is in the case of self diffusion. The overall net flow in the presence of a 
concentration gradient is from high to low density because there is a gieater number moving 
from high to low density than there is moving from low to high density, but is not due to 
concentration dependent jump probabilities.
It is believed that some of the short component of magnetisation of water molecules 
in zeolite 4A originate from the protons of water molecules confined to beta cages and from 
protons in hydroxyl groups, strongly bound to aluminium sites, as the result of sodium cation
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hydrolysis. It is unlikely then that such protons will contribute to those involved in bulk 
transport and hence that the use of the gradient echo steady state imaging technique in 
measuring long range transport, is in fact valid. The intention of the experiments to be 
described in chapters 3 and 4 of this thesis is to acquire representative images of the water 
molecule protons which contribute to bulk transport and then to characterise the diffusion rate 
of the water molecules, by finding an appropriate form of the diffusion equation and 
parameters which can predict the same rate of sample equilibration as is encountered in the 
imaging experiments.
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1.5 SUMMARY
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Figure 1.5.1 Line broadening interactions relevant to water molecules in zeolite 4A with 
respect to free mobile water molecules. The mobility of the zeolitic water molecules is less 
than those in free water resulting in shorter and Tg times. The zeolite lattice also 
introduces line broadening effects not encountered in free liquids.
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Figure 1.5.2 Diagrammatical representation of the different length scales encountered in 
zeolite 4A. A packed bed of zeolite 4A powder is a random array of particles. Each particle 
is an array of unit cells of zeolite 4A.
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Figure 1.5.3 Diagrammatical representation of how different NMR measurements performed 
on the same sample reveal NMR information about the water molecules inside, on different 
length scales.
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CHAPTER 2
ZEOLITE 4A PREPARATION AND CHARACTERISATION 
INTRODUCTION
This chapter describes the preparation of zeolite 4A powder samples for the 
experimental diffusion work described in this thesis. Small amounts of the prepared samples 
were then characterised using bulk NMRTg measurements and X-ray analysis. A description 
of these measurements is given, along with a detailed discussion of the results. The chapter 
ends with some important calculations required for the analysis of the diffusion results in 
chapters 3 and 4.
2.1 PREPARATION OF SAMPLES
Samples of sodium and ammonium substituted zeolite 4A were prepared for bulk 
characterisation and spatially resolved measurements in one of two ways. Bulk samples 
characterised for the equilibrium NMR relaxation times, consisted of a small quantity of 
zeolite 4A hydrated to a known water content and sealed in a glass test tube with epoxy resin. 
The diffusion samples consisted of two contacting beds of the powder of different hydrations 
placed end to end in a flat bottomed 2cm. diameter sample tube. A 5cm. long glass rod was 
placed in the mouth of the tube and a bead of epoxy resin placed around the end of the rod 
to seal the tube against moisture loss. Figure 2.1 shows the structure of a typical diffusion 
sample.
dehydrated hydrated 
bed
glass
rod
glass
tube
epoxy
resin
Figure 2.1 A typical diffusion sample.
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The purpose of the rod was to separate the epoxy resin from the sample so that the 
protons in the epoxy resin would not contribute to the NMR signal, while at the same time 
filling the free volume in the tube which would otherwise be left. Six different preparations 
were performed on sodium zeolite 4A so as to yield hydrated and partially hydrated sodium 
zeolite 4A, deuterated and partially deuterated sodium zeolite 4A and hydrated and deuterated 
ammonium substituted zeolite 4A.
Sufficient sodium zeolite 4A powder for a series of samples was first spread out thinly 
on a glass dish and left open to the laboratory atmosphere to hydrate for 48 hours at room 
temperature. The level of full hydration is dependent on the relative humidity of the 
laboratory and is defined by the adsorption isotherm for water in zeolite 4A. The relative 
humidity of the laboratory was typically 50%, which gives a full hydration equivalent to a 
22.5% mass increase of the dry powder when the powder is left to equilibrate with the 
atmosphere. This value stays approximately constant from about 20% relative humidity 
upwards. The adsoiption isotherm was given in units of water molecule density, rather than 
relative humidity in section 1.3.
For imaging experiments with a dry bed contacting a wet bed, the dry bed of the 
powder was prepared in the following way; a bed of fully hydrated powder was formed in 
the bottom of a glass NMR tube and compacted down firmly. The edges of this bed were then 
sharply defined and the bed weighed. The bed was then dried in an oven for four days at 
180°C, sealed with a rubber bung and allowed to cool. When the experiment was ready to 
proceed, the sample tube was placed in a nitrogen filled glovebag, the seal was broken, the 
dry bed weighed and a fully hydrated bed of zeolite 4A of similar dimensions was formed 
on top. The tube with its contents were then weighed, the glass rod added and the end of the 
tube sealed with epoxy resin. The experiment was then commenced.
For similar experiments involving partially hydrated beds, the partially hydrated zeolite 
4A bed was prepared by first drying a bed of fully hydrated powder for four days at 180°C, 
sealing and transferring to a sealed, nitrogen filled glovebag where a calculated amount of 
water was added to it. The tube was sealed with a bung and the water allowed to equilibrate 
throughout the powder at 60°C for four days. The amount of water required to gain a certain 
percentage hydration in terms of percentage mass increase of the dry powder with 22.5% 
corresponding to full hydration, is given by:-
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Partially dry mass=—- — *Wet mass 2.11.225
where x is a number between 1.0 and 1.225 corresponding to the desired partial percentage 
hydration of the powder, (1.225= fully hydrated, 22.5% water by mass; 1.0=fully dehydrated, 
0% water by mass, for a typical laboratory relative humidity of 50%). The mass of water that 
this percentage hydration corresponded to, was calculated by subtracting the dry mass (x=1 .0 ) 
from the hydrated mass. This tube, along with another sealed tube containing a dry bed, 
were returned to the nitrogen glovebag and a bed of the partially hydrated powder formed on 
top of the dry one using the powder just prepared. The masses of the two beds were noted, 
the glass rod added, the sample tube sealed with epoxy resin and the experiment commenced.
The deuterated diffusion samples were prepared in the following way; sodium zeolite 
4A powder was dried in an oven for four days and then soaked in deuterium oxide (D^O) 
inside a nitrogen filled glovebag. This solution was then stirred for one hour at 50®C. It was 
filtered and then oven dried to remove the excess moisture and the whole procedure repeated 
another two times. This multiple washing procedure ensured a higher amount of D-H  
exchange of the surface and beta-cage water molecules in the zeolite than could be obtained 
through drying the powder and then deuterating with only a single wash of DjO. Finally, the 
powder was dried in an oven flushed with nitrogen gas for two hours at 150°C and then the 
amount of DgO necessary to gain the desired deuteration added to the powder. Equation 2.1 
was used to calculate the amount of deuterium oxide required, but using a denominator of 
1.25 instead of 1.225 due to the higher atomic mass of the deuterium atom. The value of 1.25 
is the result of multiplying 0.225 (percentage of the sample mass which is water at full 
hydration), by the ratio of the deuterium oxide mass to the water molecule mass (20.0/18.0) 
and then adding 1.0 (for the original mass of the sample). When the experiment was ready 
to commence, an unsubstituted hydrated bed of the same concentration was formed on top of 
the deuterated bed, the masses of the two beds noted, the tube sealed with a glass rod and 
epoxy resin and the experiment commenced.
Ammonium substituted zeolite 4A was prepared by washing lOg of fully hydrated 
sodium form zeolite 4A in 300ml of 0.1 molar . ammonium chloride solution for one hour at 
50°C. The pH of the solution was maintained above a value of nine by adding concentrated 
(0.88 s.g.) aqueous ammonia solution. This prevented dealumination of the zeolite 4A lattice.
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The solution was then filtered through a vacuum Buchner flask and the residue dried. The 
washing process was repeated twice more. On the final filtering, the residue was rinsed with 
500ml of deionised water to which a drop of concentrated ammonia solution had been added. 
This again maintained the pH above a value of nine. The final filtrate was then dried in an 
oven at 100°C for five days. Half of this powder was rehydrated in the laboratory atmosphere 
for 4 days, stirring at regular intervals; the rest was kept dry for making beds from. It was 
found from preliminary work that drying the two beds for unequal lengths of time lead to 
unequal equilibrated signal intensities from the two beds when imaged. This is likely to be 
due to residual ammonia solution left over from the ion exchange process boiling off, not 
removed during rinsing, since deammoniation of the lattice only occurs above a temperature 
of 400®C (Breck, 1974). A vacuum was employed during the drying process however, which 
could have damaged the structure and removed some ammonium ions. The possibility of this 
is described later in crystallinity tests performed on the powder.
A successful full hydration N H / : dry N H / sample was prepared by forming a bed 
of fully hydrated powder onto a bed of partially hydrated powder in a nitrogen filled 
glovebag. This was then sealed. The partial hydration beds were prepared by addition of a 
calculated amount of water to dry NH^ '*' zeolite 4A beds in a nitrogen filled glovebag and 
allowing the water to equilibrate throughout the powder for four days at 60®C. The amount 
of water required was calculated from equation 2.1 using a denominator of 1.36 for the 
hydrated form.
The ammonium substituted and sodium zeolite 4A were checked for crystallinity by 
examining their X-ray diffraction spectra and for amount of ion exchange by atomic 
absorption spectroscopy and X-ray fluorescence analysis. The results for these tests are shown 
in tables 2.1 and 2.2. The first line in table 2.1 is the results of crystallinity analysis of the 
sodium powder from which the ammonium substituted form was produced, through ion 
exchanging some of the sodium form zeolite 4A. The crystallinity was found to be 100%. The 
first line in table 2.2 shows the ion content ratios for the sodium sample. The 
silicon/aluminium ratio of the sodium form is slightly less than the ideal value of 1.0, at 0.97. 
The sodium/aluminium ratio is also slightly less than the ideal value of 1.0, at 0.93, 
indicating that there is not quite one sodium ion per aluminium atom in the lattice. The 
second line in table 2 .1  is the crystallinity result of the ammonium substituted powder used 
in the experiments, showing that this powder also had 1 0 0 % crystallinity after the ion
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exchange process had been performed on it. The sodium/alnminium ratio in table 2.2, very 
much less than 1.0, suggests a very high level of ion exchange had taken place. The third and 
fourth lines in table 2 .1  show the results for an early attempt at producing ammonium 
substituted diffusion samples which had been heated in a vacuum oven at 100°C. This had 
damaged the crystallinity of the powder. The dry side of the sample which had been in the 
oven longer, was more damaged than the wet side. The successfully prepared ammonium 
substituted zeolite 4A used in the experiments was that characterised in line 2 of tables 2.1 
and 2.2. The abbreviation TVM  in column 2 of table 2.2 stands for total volatile mass, which 
is the percentage of the sample, by mass, which is removed by heating at 850®C for several 
hours, hence the value for the sodium form describes the amount of water in the sodium form 
at full hydration and the value for the ammonium form corresponds to the mass percentage 
of water and ammonia at full hydration. Hence, the difference in the values for the two 
samples yields the percentage by mass of ammonia gas that is liberated during thermal 
decomposition of the ammonium ions when the sample is heated above 400”C, since the 
amount of water that the two samples can adsorb is the same.
Sample Crystallinity
(ht%)
Crystallinity
(area%)
Na4A 1 0 0 %±1 % 1 0 0 %±1 %
NH4 4 A 1 0 0 %±1 % 1 0 0 %±1 %
NH4 4 A Wet side 63%±1% 8 6 % ±1 %
NH4 4 A Dry side 41%±1% 60%±1%
Table 2.1. Crystallinity results for sodium and ammonium substituted zeolite 4A. Ht% stands for crystallinity 
measured by peak height of the X-ray spectra and area%, measured by peak area. The height method is more 
accurate. Wet side and Dry side refer to two previously contacting beds used in an early diffusion experiment 
in which the ammonium zeolite 4A was heated to above 100°C in a vacuum, causing sample degradation. The 
diffusion results from this sample were discarded on the basis of these analysis results.
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Sample TVM Si/Al Na/Al
NaA 22.45% 0.97
(XRF)
0.93
(XRF)
NH4 4 A 36.42% 0.98
(XRF)
0.04
(XRF)
NH4 4 A
(Wet
side)
0.99
(AA)
0.15
(AA)
NH4 4A 
(Dry side) - 0.98
(AA)
0.075
(AA)
Table 2.2. Analysis results for sodium and ammonium form zeolite 4A. XRF stands for X-ray fluorescence and 
AA for atomic absorption spectroscopy. TVM stands for total volatile mass as determined by digital scanning 
calorimetry. Wet side and Dry side are as in table 2.1.
2.2 EMPIRICAL FORMULAE DERIVED FROM SPECTROSCOPY
The empirical formulae for the sodium and ammonium substituted zeolite 4A were 
derived from the atomic absorption spectroscopy and X-ray fluorescence data presented in 
table 2.2. The empirical formula of the sodium zeolite 4A was derived to be 2Na 2(A10g) 
2 (Si0 2 ) 4.55 H2O. This is as expected. The empirical formula of the ammonium substituted 
zeolite 4A was derived to be 1.92 NH4 0,08 Na 2 (A1 0 2 ) 2 Si0 2  4.36 H2O. The factor of 1.92 
for the ammonium ion is slightly less than the value of 2 . 0  which is expected for fully ion 
exchanged zeolite 4A. This however, is reflected in the value of 0.08 for the sodium ion 
which is correspondingly higher than the ideal value of 0.00. The relative proportions of 
ammonium ions and water molecules in the ammonium substituted form, give a relative ratio 
of ammonium ion protons to water molecule protons of 7.68:8.72, which gives relative 
percentages of 47% and 53% respectively. The ratio of protons in the ammonium, substituted
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form originating from water molecules and ammonium ions, to protons attached to water 
molecules in the sodium form, is equal to 16.4:9.1, which is equivalent to 1.8:1 in favour of 
the ammonium form.
2.3 CALCULATION OF THE VOID FRACTION W ITHIN HYDRATED ZEOLITE 4A 
SAMPLES
The void fraction for a bed of powdered zeolite 4A is the amount of free space in the 
bed after packing. This refers to the space around particles only and not the space within 
cages. For zeolite 4A of composition Na2 0 Al2 0 3 2 Si0 2 4 .5 H 2 0 , a density of 1.99gcm*^  is given 
by Breck (1974). For a typical diffusion sample as described here, 1.5g of fully hydrated 
zeolite 4A was packed into a 6 mm long bed in a 20mm diameter tube, which gives a typical 
density of 0.79gcm'^ . Hence the typical void fraction in a sample is given by:-
Void fraction=1-0,79/1.99 =0.6 2.2
Therefore, typically approximately 60% of the volume inside the zeolite 4A diffusion samples 
was empty space. This is a result which is used later in chapters 3 and 4 in the analysis of 
the diffusion results.
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2.4 CHARACTERISATION OF THE ZEOLITE 4A POWDER BY T. MEASUREMENT 
AS A FUNCTION OF TEMPERATURE AND HYDRATION
Introduction
The pseudo cell of zeolite 4A is a convenient unit representation and consists of 
a beta cage and an eighth of an alpha cage. The true unit cell is eight times larger 
and so consists of one alpha cage and eight beta cages. The pseudo cell of sodium zeolite 4A 
contains twenty seven water molecules at full hydration, twenty of which form a pentagonal 
dodecahedron which lines the surface of the alpha cage, four of which reside in the beta cage 
and the remaining three are believed to reside in the centre of the dodecahedron in the alpha 
cage (Breck, 1974). This corresponds to a ratio of about 5.75:1 for the alpha cage to beta cage 
populations at full hydration. This ratio also corresponds with the alpha cage to beta cage 
volume ratio which is approximately 5:1. A hydrogen NMR Free Induction Decay (FDD) 
obtained from fully hydrated sodium zeolite 4A exhibits two T% relaxation times. One is a 
few milli-seconds long and is known as the long component, the other is about 1 2 0  [is long 
and is known as the short component. The intensity of the long component is about three 
times that of the short component. It is believed that the long component originates from free 
mobile water molecules in the alpha cages and that the short component originates from water 
molecules in the beta cages and less mobile water in the alpha cages. It is also possible that 
the two components may result from some rapid exchange averaging between water in 
different sites (Zimmerman and Brittin, 1957). The purpose of the relaxation characterisation 
experiments discussed below, was to sufficiently characterise the magnetisation components 
and their relative intensities as a function of temperature and hydration for the different 
preparations of zeolite 4A powder produced. This was to allow quantitative interpretation of 
the imaging profiles presented in chapters 3 and 4.
Experimental
Samples of sodium zeolite 4A of different hydration were prepared in thin walled 
NMR tubes for use in a BrukerMinispec ^H NMR 20MHz spectrometer. Hydration values of 
20%, 40%, 55%, 76% and 100% were obtained. A fully hydrated ammonium substituted
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sample and a fully deuterated Ammonium substituted sample were also prepared. The 
deuterated ammonium substituted zeolite 4A powder was prepared in the same way as the 
deuterated sodium form used in the self diffusion experiments.
A 90° pulse FID was performed on each sample and the resulting magnetisation 
recorded. This was then followed by a CPMG pulse sequence and the resulting echoes 
recorded. The samples were then removed from the probe and an FID and CPMG performed 
to obtain an empty probe signal and echo baseline. These four measurements were performed 
on each sample at temperatures of 25, 35,45, 55 and 65°C respectively. Three different values 
of echo separation of 250, 500 and 750jis were used during acquisition of the echoes for the 
highest and lowest temperatures and the three sets of echoes compared to see if  self diffusion 
through susceptibility gradients in the samples as a result of the geometry of the crystal 
structure, was an appreciable problem or not, on the time scale of the experiment. A 
difference between the three sets would imply that the use of a CPMG sequence in order to 
measure T% would only have been valid for water in zeolite 4A, with very short echo 
separations. Such a pulse gap dependence could have arisen had water diffusion through the 
susceptibility gradients in the samples been significant.
Results and analvsis
Figures 2.2 to 2.6 show the experimental curves from the characterisation study of 
sodium zeolite 4A as a function of hydration at 100%, 76%, 55%, 40% and 20% respectively. 
Each graph shows an FID, a CPMG, an echo baseline and an FID probe-signal in descending 
order of magnitude at different temperatures as indicated on each graph. Graphs (d) and (e) 
in some cases also show an echo baseline. The full scale durations are different for each curve 
and are indicated on the graphs. Figure 2.7 shows relaxation curves for water hydrogen 
protons in fully hydrated ammonium substituted zeolite 4A at (a) 25®C, (b) 35®C, (c) 45°C, 
(d) 55®C and a variable pulse gap CPMG study on the same powder performed at 
temperatures of (e) 25°C and (f) 55°C. Figure 2.8 shows relaxation curves for the residual 
signal in deuterated ammonium substituted zeolite 4A powder performed at temperatures of 
(a) 25®C, (b) 35°C, (c) 45°C, (d) 55®C and a variable pulse gap CPMG study performed on 
the same powder at (e) 25®C and (f) 55®C. What is apparent from the decay curves is the 
decrease in the rate of decay for the curves for each hydration as the temperature increases.
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Figure 2.6 Relaxation curves as a function of temperature for water protons in sodium zeolite 
4A at 20% hydration. The time scales for the curves vary hence each curve has the full scale 
duration indicated in brackets. Each graph shows in descending order, an FID (0.2ms), an FID  
(2ms), a CPMG (20ms) and an FID probe signal (0.2ms) for (a) 25°C, (b) 35®C, (c) 45°C, (d) 
55®C. A variable pulse CPMG study was not performed as there was insufficient signal to 
noise ratio for this sample.
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This reflects an increase in the mobility with temperature as expected. The sixth graph in each 
figure, marked (f), shows a CPMG study as a function of pulse gap as a test for self diffusion 
in susceptibility gradients. The lowest hydration sample shown in figure 2.6 was too dry for 
a variable pulse gap CPMG study to be performed and there was insufficient time for a 65°C 
FID and CPMG to be carried out. It is generally apparent that the overall relaxation rate 
increases with decreasing hydrations; that is, Tj decreases as water is removed. Moreover, in 
general, Tg gets longer with increasing temperature at a given hydration.
The following method of analysis was applied to the results for each sample at each 
temperature. The echo heights were sampled at time intervals and plotted on a logarithmic- 
linear graph with the empty cavity probe signal subtracted. It was assumed that at least the 
later echoes corresponded to a single exponential relaxation process and hence a best fit line 
was drawn through the later echoes and extrapolated back to time zero to calculate the value 
for the initial magnetisation corresponding to the long component (called MgJ. The long 
component spin-spin relaxation time T jl was calculated from this graph by calculating the 
intensity corresponding to 1/e of the initial value and extrapolating on to the time axis to 
obtain the corresponding decay time Tg^ . The proportion of free induction decay magnetisation 
due to the short component could now be calculated. A straight line was drawn from Mql at 
time zero to a point at the end of the FID time window representing the decay due to the long 
component at that time value. The probe signal was subtracted from the FID and then the 
long component subtracted. This left the fraction due to the short component which could then 
be plotted logarithmically against time to find the short component relaxation time Tg, and 
its initial relative magnitude Mq^  using the same method as before. The intensity values Mql 
and Mqs were then corrected for sample mass and spectrometer attenuator settings so as to 
allow both relaxation time and intensity comparison between samples. As an example, Figure 
2.9 shows the analysis graphs for the fully hydrated sodium form, the fully hydrated 
ammonium form and the fully deuterated ammonium form at 25°C, which show the separate 
decay components plotted as a function of time. The CPMG echoes were fitted with single 
exponentials (dashed lines) and the shorter components with double or triple exponentials as 
required (continuous lines). In the case of ammonium substituted samples, a three component 
fit was attempted. The decay times of the fits for sodium zeolite 4A as a function of hydration 
and temperature are presented in table 2.3.
The ratio of magnetisation intensities in the long and the short components,
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characterised by the ratio Moi/Mos iti table 2.4, show that there was more water in confined 
sites (beta cages) than in the more mobile environments (the alpha cages) at low hydration. 
This indicates a tendency for the beta cages to rill up first as water is introduced. The relative 
magnitude of the long component with respect to the short component then increases with 
hydration up to a value of filling factor of about 75%, a point above which the ratio Mo/Mo, 
then stays approximately constant. Figure 2.10 shows the relative proportions of the two 
components as a function of hydration at 25^C. One interpretation is that the long component 
is associated with water in the alpha cages and the short component with water primarily in 
the beta cages. However, since the ratio of the long component to the short component initial 
magnetisation intensities at full hydration and at 25°C is less than the ratio of the full 
hydration alpha and beta cage populations, some alpha cage water must also have a short Tj. 
Such water molecules could be in alpha cage surface sites. This low value can also be 
explained by some of the confined water molecules on surfaces or in the beta cages having 
such short T j times that they do not contribute to the measureable NMR signal. Figure 2.11 
shows the long component (circles) and short component (squares) initial magnetisation as 
a function of temperature. The long component magnetisation stays roughly constant with 
temperature, whereas the magnetisation of the short component decreases slightly with 
temperature. This is consistent with water in the short component becoming more mobile with 
increasing temperature and hence being lost from the short component to the long component. 
The gain in long component magnetisation is counteracted by the overall loss in magnetisation 
due to the increasing temperature and hence the long component magnetisation stays 
effectively constant with increasing temperature (Boltzmann factor). This factor is about 10% 
in the temperature range studied, approximately equal to the overall magnetisation loss. The 
T% of the short component decreases slightly with increasing temperature as the water 
molecules lost from the short component have the longer of the short T ,^ times. The 
remainder are averaged together to give the measured Tg^  values.
As the hydration is reduced, the T  ^of the long component decreases markedly and that 
of the short component increases a little, so that at low hydration, a single component of order 
300-400|is is seen. This could be explained by the combined facts that water is removed 
preferentially from the alpha cages and that intercage diffusion can increase as hydration 
decreases, due to the increased free volume. Increased diffusion leads to motional averaging 
of the two components. However, this is not the only scenario. It is possible that the long
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Figure 2.10 Graph of the ratio of long component magnetisation to short component 
magnetisation at 25“C for water in sodium zeolite 4A as a function of hydration.
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component is associated with mobile water in the cage centers and the short component to 
bound water on the. surfaces of the cages and from the hydration shells of sodium ions.
The magnitude of the echoes did not vary for water in the sodium form as a function 
of echo separation, suggesting that self-diffusion in susceptibility gradients on the time scale 
of these measurements is not significant and hence that the use of the CPMG pulse sequence 
to measure for water in sodium zeolite 4A is valid. Graph (f) on each sheet of decay 
curves show the curves from the variable pulse gap study.
The long component spin spin relaxation time for water in the sodium form which will 
be referred to as Tjl was found to increase exponentially with temperature from 1.9 ms at 
25®C to 5.4ms at 65°C and full hydration. This suggests an increase in the mobility of water 
molecules in the alpha cages with an increase in temperature. The fact that the plot of In Tjl 
against inverse temperature in figure 2.12 follows an approximately straight line, shows that 
the increase in mobility of water molecules in the alpha-cage follows an Arrhenius type 
relationship with temperature. The short component spin spin relaxation time which will be 
referred to as Tj^  shows no particular temperature dependency and varies between the values 
of 150 and 200}is within experimental error. This tends to agiee with the suggested scenario 
where the short component is due to water on a surface or confined in a small void, since any 
increase in temperature of a confined species is unlikely to increase its free mobility.
The decay curves for fully hydrated ammonium substituted zeolite 4A were analysed 
in the same way as those for sodium zeolite 4A and were found to yield a third component 
of magnetisation visible at the lower temperatures. This was noticed when, after the long and 
short component contributions were plotted as in figure 2.9(c), an unaccounted contribution 
to the short component was still remaining, suggesting the existence of a third, unknown 
magnetisation component, believed to be due to the protons attached to the ammonium ions. 
This component had a T^  value of about 8 jis and a relative proportion of about 26% of the 
total magnetisation from the sample at 25°C. This is only about half of the value of about 
50%, that the relative proportion of ammonium protons should be, with respect to the total 
number of protons calculated from the empirical formula derived from spectroscopical 
analysis as given earlier in section 2.2. The rest of the ammonium ion protons contribute to 
the long component NMR signal as mobile ammonium ions and to the slightly more mobile 
short component,
A T j study was performed on deuterated ammonium substituted zeolite 4A in an
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Figure 2.11 A plot of the initial magnetisation (Mg) long (circles) and short component 
(squares) components as a function of temperature for water protons in fully hydrated sodium 
zeolite 4A. The long component stays roughly constant while the short component reduces 
as a function of temperature.
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Figure 2.12 A plot of the natural logarithm of the spin spin relaxation time Tg as a function 
of inverse temperature for the long component (circles) and the short component (squares) for 
water protons in fully hydrated sodium zeolite 4A. The T% of the short component stays 
roughly constant with temperature while the long component displays Arrhenius type 
behaviour.
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attempt to confirm the origin of the third component. The Mql and Mqs values for fully 
hydrated sodium form zeolite 4A, fully hydrated ammonium form zeolite 4A and fully 
deuterated ammonium form zeolite 4A across the range of temperatures, were compared 
together by correcting for the different level of attenuation used. The magnetisations of the 
deuterated ammonium substituted zeolite 4A results could not be included in this comparison 
because the probe was replaced prior to this experiment and hence the absolute intensities for 
this experiment would not be on a scale comparable with the previous experiments. The 
relative proportions of the different components between the different samples can be 
compared however. The results of this analysis are shown in table 2.5. The hydrated 
ammonium sample exhibits three components whereas the deuterated ammonium sample and 
the hydrated sodium form only exhibit two Tg relaxation times. The long component is 
present in all samples and has a Tg time of between 0.5 and 5.0 milliseconds. The hydrated 
ammonium sample has a short component which is similar in Tg to that for the short 
component in the hydrated sodium sample and hence represents beta-cage and surface water 
and also mobile ammonium ion protons. A third, very short Tg component represents 
motionally confined ammonium ion protons. The deuterated ammonium sample has a short 
component with a Tg value slightly longer than that of the short component in the hydrated 
ammonium sample. This is likely to be the result of exchange between protons on the 
ammonium ions with deuterium atoms on DgO molecules, resulting in low mobility water 
molecules being generated. The shorter than expected Tg value for the long component in the 
deuterated ammonium sample however, along with the lack of confined water component in 
the deuterated form would suggest that the long component in the deuterated form is an 
average value of the long and short water components of the hydrated form plus some 
contribution from mobile ammonium ion protons. The averaging of the values originates from 
both rapid exchange averaging and D-H exchange.
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sample 
name /  
hydration
Tg (@25*C) 
(Seconds)
Tg ((g)35«C) 
(Seconds)
Tg(@45«C)
(Seconds)
Tg(@55*C)
(Seconds)
Tz (@65°C) 
(Seconds)
ZRA 1.9e-3 2.8e-3 3.5e-3 4.9e-3 5.4e-3
100% 1.8e-4 2.0e-4 1.8e-4 1.7e-4 1.5e-4
ZRB 2.2e-3 2.9e-3 3.9e-3 5.3e-3 7.0e-3
75% 1.5e-4 1.2e-4 6.3e-5 1.2e-4 7.4e-5
ZRC 1.5e-3 1.9e-3 2.6e-3 4.4e-3 5.7e-3
55% 2.5e-4 4.6e-5 l.le -4 l.le -4 8.1e-5
ZRD 9.1e-4 2.1e-3 1.9e-3 3.5e-3 4.7e-3
37% 6.1e-5 1.6e-4 5.8e-5 9.8e-5 1.3e-4
ZRF 3.3e-3 3.7e-3 5.4e-3 7.6e-3 -
20% l.le -4 1.3e-4 l.Oe-3 1.3e-4 -
Table 2.3 values for water in sodium zeolite 4A over a range of temperatures and hydrations. The top number 
for each sample is the Tg value for the long component Tg^  and the bottom number for each sample is the Tg 
value for the short component Tgg.
The plots of magnetisation decay for the CPMG sequences performed with different 
pulse gaps on the ammonium substituted deuterated form and the hydrated sodium form, were 
all superimposed in their respective sets and hence the effect of self diffusion through 
susceptibility gradients was negligible. The hydrated ammonium form did show this effect 
however, at 65°C. This led to relaxation curves which were not fittable with the exponential 
fits used to analyse the rest of the data. It is assumed that the lifetime for a water molecule 
in each of the sites contributing to the short component is less than the time window of the
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experiment, resulting in an averaged value for the short decay component representing all the 
short component sites. It is also assumed that the short component spin spin relaxation time 
Tgs is less than Tg*; the spin-spin relaxation time due to the field inhomogeneity of the 
magnet and hence that an FID is sufficient to measure the short component. The FID is used 
to probe the near solid lattice limit of motion and the CPMG is used to probe the longer 
component representing mobile motion.
Sample 
/  hydration @250C
M*L/MOs 
@35 °C
M®W ®  
@45 °C
M° /^M°® 
@55 °C
M*L/M*s
@65°C
ZRA 100% 2.13 2.30 2.30 2.65 3.16
ZRB 75% 2.01 2.61 3.71 3.547 3.83
ZRC 55% 2.045 2.23 2.97 2.115 4.07
ZRD 37% 1.739 1.462 1.94 2.646 1.64
ZRF 20% 0.421 0.45 0.521 0.477 0.512
Table 2.4 Magnetisation proportions for the long and short decay components for water as a function of 
temperature and hydration in sodium zeolite 4A. The signal to noise ratio of the lowest hydration is too low to 
give an accurate measurement. The values vary within experimental error due to the low signal to noise 
ratio.
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Temp (C). (MoVwet
mass)
* 1 0 0 *attn
factor
(Mo®Vwet
mass)
* 1 0 0 *attn
factor
(Mo®Vwet
mass)
* 1 0 0 *attn
factor
TzLong
(|IS)
T 2shortl
(MS)
'i^ 2short2
(US)
HgO/Na
25 950.0 446.0 N.A. 1.9e3 1 .8 e2 N.A.
35 927.6 403.4 2.8e3 2 .0 e2
45 924.5 401.4 3.5c3 1 .8 e2
55 923.7 347.8 4.9e3 1 .7 e2
65 923.3 291.6 5.4e3 1.5e2
H 2O/NH4
25 1230 669 676 8.9e2 2 .1e2 1 0 . 0
35 1703 554.5 888.5 1.0e3 2.7e2 8.08
45 1479 502.1 812,6 1.2e3 1 .0 e2 8.44
55 - - - - - -
DgO/NH4
25 84.4 N.A. 166.8 4.5e2 N.A. 18.3
35 50.0 67.1 5.2e2 45.3
45 65.0 89.7 l.leS 33.7
55 99.5 99.2 5.1e2 2.3e2
Table 2.5 Tg and magnetisation results for hydrated sodium, hydrated ammonium substituted and deuterated 
ammonium substituted zeolite 4A. The magnetisation values for the two hydrated samples are on a comparable 
scale, but not the deuterated ammonium sample.
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Conclusions
Water in the sodium form zeolite 4A shows two distinct decay components. The 
ammonium form shows a third component which was isolated in a study of the same powder 
with deuterated water and hence is believed to be due to the protons attached to the 
ammonium ions. Although the results of the deuterated ammonium sample are different to 
those for the hydrated ammonium sample, the experiment was successful in confirming that 
the ammonium ion protons do give a substantial NMR signal.
The long component Tg^  for the hydrated ammonium substituted form is on average, 
slightly shorter than the same component of water in the sodium form; that corresponding to 
free water in the alpha cages, which would suggest that the water molecules in the alpha 
cages of the ammonium cation form have less mobility than the water molecules in the alpha 
cages of the sodium cation form. This is an interesting result and is probably due to the 
increased radius of the shell of hydration of the ammonium ions with respect to the shell of 
hydration of the sodium ions. This increase would lead to a reduction in the mean free path 
of the water molecules in the ammonium form with respect to the sodium form and hence a 
reduction in mobility of the surrounding water molecules. The sodium ion is known to have 
very little effect, if  any, on the mobility of water molecules even at high filling factors of the 
alpha-cage (Pfeiffer, 1973). The error in some of the Tg values and their relative magnitudes 
is known to be appreciable, especially in the deuterated ammonium substituted form and 
particularly in the values for Tg short for this species, since there was very little resolution 
left in this component after the analysis of the long component. The lack of signal to noise 
in these experiments prevents further analysis to the data. The experiments are successful in 
achieving their purpose however, since they have identified the components of water present 
in the zeolite samples and the separation in the Tg values of the separate components is large 
enough to identify them above the errors in the Tg values.
These experiments have now characterised the types of powder sufficiently to proceed 
to the next chapter where there is a description of diffusion measurements performed on them.
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2.5 CONTRIBUTION OF THE AMMONIUM ION PROTONS TO IMAGING AT 216uS
The relative contribution of the ammonium ion proton component to the overall 
magnetisation, measured with an imaging time of 216|is can now be calculated using the Tg 
and Mo values from the previous section, assuming exponential decays for all the components.
With the Mo values for the hydrated ammonium sample and the hydrated sodium sample on 
a comparable scale, the long component magnetisation for the sodium form can be combined 
with the TgL value in the ammonium sample, to calculate the long component water signal in 
the ammonium sample at 216|is and 25®C. The same is done for the short component. Hence 
the water contribution in the ammonium substituted zeolite 4A sample is given by:-
^2LNH4 -^2S1NH;
I
Which is equal to 911 arbitrary units. The ammonium ion proton contribution is then I
calculated from the difference in the Mq long and short components of the ammonium and |
sodium foims. This is given by:-
2.4
'^2SNH4
Where Molnh4+ is the initial magnetisation of the long component of water and ammonium 
ion protons in the ammonium substituted form of zeolite 4A. Mosinh4+ is the initial 
magnetisation of the first short component of water and ammonium ion protons in the 
ammonium substituted form of zeolite 4A. Mos2nh4+ is the initial magnetisation of the second 
short component of water and ammonium ion protons in the ammonium substituted form of 
zeolite 4A, MoLNa+ is the initial magnetisation of the long component of water protons in the 
sodium form zeolite 4A. MosNa+ is the initial magnetisation of the short component of water 
protons in the sodium form of zeolite 4A. The same nomenclature applies to the T% times. The 
solution of equation 2.4 is equal to 313.9 arbitrary units, hence the relative contribution of 
the ammonium ion protons to the imaging at 216|xs is approximately 34%. This contribution 
varies depending on the temperature. Since this value is only an approximation, all the images 
in the hydrated ammonium substituted zeolite 4A imaging described in chapter 4.3 had the 
same contribution of 34% subtracted from them.
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CHAPTER 3
MEASUREMENT OF THE DIFFUSION COEFFICIENTS OF WATER IN  ZEOLITE 4A 
BY THE USE OF ^H NMR SOLID-STATE IMAGING AS A FUNCTION OF 
TEMPERATURE AND HYDRATION
INTRODUCTION
A thorough understanding of the diffusion of liquids in porous media is extremely 
important both from a commercial point of view and from a fundamental standpoint. Progress 
in this field requires a better understanding of molecular transport and how this is affected 
by geometric constraints. There is already a very substantial body of literature covering 
systems as diverse as biological materials, foodstuffs, polymers, oil and water in rocks, 
cements, concretes and zeolites. However, there still remain many unanswered questions in 
these systems. Our understanding of these has been limited by technological problems.
In beds of powdered zeolite, diffusion occurs over a veiy wide range of length scales 
(Karger and Pfeiffer 1987 and Pfeiffer 1976), as a result of the complicated geometry of the 
structure. These can be broadly characterised as intracage or nanometer, intracrystalline or 
micrometer and intercrystalline or millimeter and can be investigated by a variety of NMR 
techniques. The intracage and to some extent the intracrystalline behaviour can be investigated 
by relaxation time studies. The ^H nuclear spin relaxation times of water protons in zeolites 
aie dependent on the frequency spectrum of the water motion within the structure. However, 
interpretation of the relaxation times in terms of the zeolite structure and water diffusivity 
requires careful modelling. In particular, two extreme situations of fast and slow exchange 
have been widely studied (Zimmerman and Brittin, 1957). This was discussed in the context 
of water in zeolite 4A in chapter 2.
Pulsed field gradients (PFG) have previously been employed to probe intracage self 
diffusion (Karger and Caro 1977). This is a powerful technique, but unfortunately the short 
spin spin relaxation times found in industrial grade zeolite in particular, are too short to 
generate PFG spin echoes with sufficiently large pulse gaps to measure diffusion over 
macroscopic distances and therefore are not widely applicable to intercrystalline motion. Early 
effort was spent rationalizing the results of larger scale transport diffusion experiments such
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as mass adsoiption with microscopic self-diffusion results (Karger and Caro 1977). It is now 
widely appreciated that in complex porous systems, transport and self diffusion are different 
and generally only coincide under special conditions of low diffusant concentration (Karger 
1976). This leaves the problem of probing the long range intercrystalline macroscopic 
diffusion regime.
Bansal and Dybowski (1990) monitored the equilibration of xenon-129 gas in water 
through an evacuated bed of NiNaY zeolite. The chemical shift of ^%e is proportional to its 
concentration in zeolite and so they used the change in chemical shift with time to follow 
concentration changes and hence to measure the diffusivity. Although a breakthrough in 
tackling the long-range diffusion problem, their work was criticised by Karger (1991), for 
trying to compare long range transport diffusivity data through an inhomogenous sample with 
PFG intracrystalline diffusivities through a homogenous sample. It was also thought that the 
presence of the relatively large xenon atoms in the intracrystalline space would lead to a 
substantial reduction of the mean free path of water and hence to a reduction in the mobility 
of the diffusants under study.
Karger, Seiffert and Stallmach (1993) investigated the adsorption of n-hexane in a bed 
of NaX zeolite using a combination of liquid state NMR imaging and PFG measurements. 
One dimensional profiles were taken as a function of time as the bed equilibrated. They found 
that hexane diffuses according to Fickian dynamics and follows an approximately rectangular 
adsorption isotherm. This assumes a characteristic diffusion front which advances with time 
as t^ .^ They incorporated self-diffusion coefficient measurements using PFG and showed that 
the hexane self-diffusion coefficient within the particles is dependent only on hexane 
concentration and is independent in particular of history.
This work concentrates on studying water transport diffusion over macroscopic 
distances in industrial grade zeolite 4A using magnetic resonance imaging of equilibrating 
beds of contacting hydrated and dehydrated powder beds. It differs in a number of important 
ways from the previous studies. Water rather than hexane diffusing into a bed of zeolite is 
expected to yield different diffusion coefficients because of the added influence of surface 
interactions between the polar water molecules and the zeolite 4A surface at low coverages. 
This effect would not be present in the case of the nonpolar organic solvent (Karger, 1971). 
As a result, the intraparticle coefficient of diffusion of water is depressed at low water 
concentrations, compared to the organic solvent (Karger, 1971). The experiments described
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here, use a sealed bed with a known nonequilibrium initial water content distribution, rather 
than a previously evacuated bed opened up to a reservoir.The gas between the particles is not 
pure vapour but low concentration water vapour in air. Such a system has been noted 
previously as having a very slow transport rate. For example, no appreciable transport was 
observed in a 1cm deep bed over 3 days at 10”C (Smith et al 1994), but this rate increases 
significantly with increasing temperature.
Experimental
Seven samples consisting of fully hydrated zeolite 4A beds contacting with dehydrated 
beds were prepared using the procedure described in chapter 2. Each one was allowed to 
equilibrate at a different temperature in an oven. The samples were removed periodically to 
enable a profile to be recorded using the repetitive pulse gradient echo technique described 
in section 1.2. Imaging experiments were performed at 22, 33, 42, 47, 52, 57 and 70°C 
respectively. Preliminary experiments had shown that at higher equilibration temperatures, the 
cooling period prior to imaging had to be both rapid and reproducible. There were two 
problems associated with this; firstly the spin spin relaxation time T% is temperature dependent 
and hence for the magnetisation intensities of two profiles to be comparable, the acquisition 
temperature of the profiles must have been the same. Secondly, that diffusion takes place 
during the thermal equilibration period prior to profiling. To minimise these problems, the 
samples were quenched in cold water immediately prior to profiling to minimise the time 
spent out of the oven and then allowed to thermally equilibrate in the magnet bore for twenty 
minutes at lO^C. Since previous studies have shown no apparent diffusion over a period of 
days at 10°C, this procedure is not expected to have significantly affected the results.
Results and Analvsis
The experimental profiles are shown in figures 3.1 to 3.7 respectively. Each profile 
shows the water from the wet powder on the left, diffusing into the dry powder on the right. 
Later profiles in each set show the water penetrating up to the right hand edge of the sample. 
The last profiles show the almost equilibrated sample. The integrated areas of all the profiles
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Figure 3.1 ‘H NMR profiles of water diffusing from fully hydrated sodium zeolite 4A into
fully dehydrated sodium zeolite 4A at 22°C as a function of time. The profiles were taken
after (a) 0 hours, (b) 12 hours, (c) 24 hours and (d) 36.hours.
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Figure 3.2 NMR profiles of water diffusing from fully hydrated sodium zeolite 4A into
fully dehydrated sodium zeolite 4A at 33°C as a function of time. The profiles were taken
after (a) 0 hours, (b) 16.25 hours, (c) 24.4 hours and (d) 65.7 hours.
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Figure 3.3 NMR profiles of water diffusing from fully hydrated sodium zeolite 4A into
fully dehydrated sodium zeolite 4A at 42°C as a function of time. The profiles were taken
after (a) 0 hours, (b) 2.0 hours, (c) 4.0 hours and (d) 8,0 hours.
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Figure 3.4 NMR profiles of water diffusing from fully hydrated sodium zeolite 4A into
fully dehydrated sodium zeolite 4A at 47°C as a function of time. The profiles were taken
after (a) 0 hours, (b) 3.8 hours, (c) 5.8 hours and (d) 22.1 hours.
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Figure 3.5 NMR profiles of water diffusing from fully hydrated sodium zeolite 4A into
fully dehydrated sodium zeolite 4A at 52®C as a function of time. The profiles were taken
after (a) 0 hours, (b) 1.8 hours, (c) 3.7 hours and (d) 8.0 hours.
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Figure 3.6 NMR profiles of water diffusing from fully hydrated sodium zeolite 4A into
fully dehydrated sodium zeolite 4A at 5TC  as a function of. time. The profiles were taken
after (a) 0 hours, (b) 1.5 hours, (c) 4.0 hours and (d) 6:5 hours.
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Figure 3,7 NMR profiles of water diffusing from fully hydrated sodium zeolite 4A into
fully dehydrated sodium zeolite 4A at 70^C as a function of time. The profiles were taken
after (a) 0 hours, (b) 1.6 hours, (c) 3.4 hours and (d) 17.4 hours.
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in any one constant temperature series vary by no more than ±5% and tend to decrease with 
diffusion time. This is due to the fact that at early diffusion times there is still a significant 
amount of dry or low hydration powder on the right hand side of the sample. Under these 
conditions, the short T j component has a high contribution to the overall magnetisation and 
results in a certain amount of signal loss after an imaging time of 216jis. Fully hydrated 
zeolite 4A has two T j components typically of 1900 and 180|0.s in the relative intensity ratio 
of 0.75 to 0.25 at 25®C, while 55% hydrated material has two components of 1500 and 250|is 
of equal intensity. In evolving from fully hydrated zeolite occupying half the volume of the 
sample, to 50% hydrated zeolite occupying all the volume of the sample, the loss in integrated 
signal due to an increase in the relative magnitude of the short T j component is expected to 
be of order 10%, in agreement with experiment.
Some of the samples displayed a peak in the image at the boundary between the two 
powders. This corresponds to a delta-function artefact as the result of Fourier transformation 
of a non zero baseline during signal acquisition. It does not affect the fitting of the rest of the 
profile. The profiles were fitted by numerical solution of the diffusion equation under 
appropriate boundary conditions. A Fickian, concentration independent diffusion coefficient 
was first attempted but this gave poor fits to the profiles. An example is shown in figure 3.8. 
The diffusion coefficient was then found to be a marked function of concentration. The 
profiles were fitted by coupling two diffusion equations representative of two diffusion 
systems, with relative weightings dependent on the overall concentration of water in the bed. 
A slow diffusion coefficient Dp, describing the water diffusing inside the zeolite paiticles with 
a diffusion coefficient of about lO'^ cm^ s’  ^was employed in one equation and a fast diffusion 
coefficient D ,^ around O.lcmV^ describing water vapour transport around the particles used 
in the other. The latter is very similar in magnitude to that for water molecules in air, 
suggesting the existence of a vapour phase moving around the particles and only being 
significant on the overall transport of water through the bed at high concentrations of water 
in the particles.
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Figure 3.8 Graph showing initial time zero profile (line) and profile of the same fully 
hydrated : dry sample after 6 hours at 47°C (line) with poor quality Fickian fits. The Fickian 
fits shown had diffusion coefficients of le-6 cm s^*‘ (triangles), 3e~6 cm^ s'* (circles) and 5e-6 
cmV^ (squares). While the values of diffusion coefficient are in approximate agreement with 
the calculated values from the concentration dependence theory (equation 3,10), it can be seen 
that the use of a constant diffusion coefficient (independent of concentration) to describe the 
transport diffusion of water in zeolite 4A is too slow at high concentrations and too rapid at 
low concentrations.
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The two phase transport is described by two coupled diffusion equations:-
Ô n D ,a c  ds
where Q  and Cp are the concentrations of water molecules in the vapour and liquid 
phases respectively, t is the time, x is the depth in the bed and 9S/9t is the rate of transfer of 
molecules from the vapour to the particles. Equations of this form have been used before for 
other applications (Crank 1975 and Sahimi 1994) but not in this context. Since the particles 
are small, the hydration level within them remains in adsorption equilibrium with the 
surrounding vapour pressure according to the adsorption isotherm given in section 1.3, on a 
local scale throughout the bed. T) is the powder bed void fraction and T is the tortuosity 
(Karger, Seiffert and Stallmach, 1993), given by:-
On addition of equations 3.1 and 3.2, the unknown transfer term S, is cancelled:-
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Rearranging and simplifying by assuming that Cp»Cy, gives:-
3.6
0 t  dx dx  ^ dx
The adsorption isotherm describes the uptake of water from the vapour phase and is described 
mathematically as follows:-
C,=C°exp(C/C^
This is substituted into the diffusion equation to give:-
ac. A n D..c^  c. ac. 3.8
T ] / ( l- 'q ) T “ l  and so can be ignored. Cp°=8.59*10^°cm'^  and Cy®=4.03*10*°cm’ .^ Both are 
constants derived from the adsorption isotherm for water in sodium zeolite 4A. The profiles 
were fitted with this form. The resulting values of Dy and Dp are tabulated in table 3.1. 
Figure 3.9 shows an exponential temperature dependence given by:-
Dp=D“exp(e70) 3.9
where Dp® and 9® are constants and 0 is the absolute temperature.
The diffusion equation was rewritten in a simplified form as:-
= -^ [1 +k*exp(c)]-^
o t  ox ox
for ease of fitting, (see later for a definition of k and c).
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Figure 3.9 Graph of logeD versus 1/T (kelvin'^ ) for water in sodium zeolite 4A.
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Figure 3.10 Graph of log« k versus 1/T (kelvin^) for water in sodium zeolite 4A.
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Temp(C) t (ref.) 
(hours)
T (ref.) 
(arb.units)
k L (cm) Dp
(cmV^)
Dv
(cmV^)
22 48.00 0.0294 3.0e-5 1.11 2.09e-7 0.125
33 24.42 0.00928 2.4e-5 1.25 1.33e-7 0.064
42 8.00 0.01105 0.8e-5 1.2 5.52e-7 0.0884
47 5.83 0.0132 5.6e-6 1.23 9.51e-7 0.107
52 3.66 0.0147 2.0e-6 1.23 1.68e-6 0.067
57 4.00 0.0378 3.2e-6 1.13 3.35e-6 0.214
70 3.41 0.107 5.6e-7 1.13 l.lle -5 0.122
Table 3.12 Table of results for water diffusion in zeolite 4A. Time t refers to the time of tlie reference image 
initially chosen to find the best pair of fit parameters. T refers to the fit time generated by the fit program for 
the best fit to the reference image, k is the quantity defined in equation 3.11. L is the length of the sample and 
Dp and are the intraparticle and vapour diffusion coefficients for water in sodium zeolite 4A derived from 
these results.
where
k=. 3.11
and:-
c=—- 3.12
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This was solved using a time step generator, given by:-
T = :^  3.13
Where T  is the step time generated by the fitting algorithm, t is the time of the experiment 
in seconds and L is the total sample width in cm. The profiles in each set were normalised 
by area to the area of the first in the set and then the magnitudes of the images were scaled 
so that the magnitude of the wet side for the first image had the value of Csuat and the others 
scaled proportionately. A graphical contour method was first employed to gain rough 
estimates to the values for Cg^ g^ and k. An image was chosen as a reference to fit to, from the 
middle of the data set. The ratio of the magnetisations for each of the ends of the sample in 
the reference image was calculated and the corresponding value from each generated fit 
compared with it. The values of Cg** and k were then varied systematically until the best 
agreement with the experimental profiles was found. Initial values of k=1.5e-5 and 
Cstart=Cpstart/Cp°=16.5 Were used to start off with, but it was soon found that the value of k, to 
which the fitting was very sensitive, varied quite considerably across the temperature set. See 
figure 3.10. This is logical as it predicts a temperature dependency on Dp.
Another constiaint on the fitting procedure was that the value of generated time T, 
where T is given by equation 3.13, must scale up proportionately with the value of 
experimental diffusion time, linearly and with the same gradient as it was possible to pick a 
value of k which gave average quality fits to a temperature and therefore could be mistaken 
as being the correct value. This would result in an incorrect value for step time T and hence 
an incorrect value for Dp. The expected value for T was calculated using equation 3.11 and 
the ratio of this value to the real experimental time t for the reference image was calculated. 
The ratio of T value for each generated fit over the real time t for the experimental profile 
was then calculated and the two ratios compared. The Cg ,^ k pair giving the best agreement 
between the two ratios, while also minimising the difference between the edge of sample 
magnetisations was then adopted as the best values. The generated fits were broadened in the 
frequency domain to simulate the broadening effect of the spectrometer on the edges of the 
profiles. This improved the quality of the fits. The Gaussian function had a 1mm full width 
half maximum shape.
The rest of the data set was now fitted by maintaining the same time ratio between
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the data and the fits and finding the T values which correspond to the t values for the rest of 
the profiles. The values of Dp and D  ^were then calculated using the following formulas:-
TL^ 3.14
P f
and:-
D ,=Dj,kx2xI0“  3.15
Little variation in D  ^ is found across the temperatures, whereas Dp was found to 
increase exponentially with temperature as can be seen from the straight line plot of loge Dp 
vs 1/absolute temperature in figure 3.9. The activation energy for the intraparticle diffusion 
process was calculated to be 103±8 kJmol*^  from the graph in figure 3.9. This is higher than 
that deduced by Karger, Zikanova and Kocirik (1984), for cyclohexane in zeolite NaX. This 
is to be expected due to the added electrostatic interactions, not relevant in the case of 
cyclohexane. The value calculated for Dp of 2.09e-7cm^s‘  ^ is smaller than that for water in 
zeolite NaX at 20°C,.’. reported by Pfeiffer et al (1985).
Discussion and conclusions
The good agreement between the theoretical fits and the profiles strongly supports the 
two phase model. The upper limit value of the concentration parameter c (Cgtan) of 16.5, used 
to describe fully hydrated zeolite 4A agrees well with a theoretical value of 16.2. The 
diffusion is dominated by the slow, Fickian intraparticle diffusion coefficient up to hydrations 
of approximately 60%, corresponding to a c value of 9.96. At this point the exponential 
vapour term in equation 3.8 equals the Fickian term and then becomes increasingly dominant 
as the hydration increases. This corresponds to the particles filling up with water molecules 
up to approximately 60% hydration, at which point water molecules are allowed to join the 
vapour. As the vapour concentiation increases the vapour transport becomes more dominant. 
A square hydration front forms and advances at a rate controlled by the vapour supply in an 
analogous manner to hexane into zeolite as observed by Karger (1971).
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Dp increases exponentially with temperature but appears to be independent of 
concentration. This is likely to be an over simplification since Karger has shown that for 
water at very low coverage in zeolite NaX, the intracrystalline diffusion is depressed by 
bonding of water molecules to adsoiption sites due to their electric dipole moments. These 
are the same water molecules, the protons of which exhibit the shortest spin-spin relaxation 
times and which are therefore inaccessible even to broadline magnetic resonance imaging. At 
higher coverage. Dp increases as the bonding sites are filled. In NaX zeolite. Dp reaches a 
maximum at a concentration of about 40% of maximum. Above this the void space decreases, 
restricting the opportunity for diffusion and the diffusion coefficient decreases once more.
Dy is of the order of lO'^ cmV  ^ and exhibits no temperature or concentration 
dependence. Ideal gas kinetics can be used to estimate Dy (Kennard 1938). The appropriate 
equation for the diffusion coefficient of water molecules in air is:-
Where is the total number of air molecules per cc, a is the effective molecular 
diameter of an air molecule, R is the gas constant, M  is the reduced (center of mass) 
molecular weight of water molecules in air and 0 is the absolute temperature. Assuming 
parameters for air to be C,;r=2.49*l()^ m'^ , a=3.36*10’ ®^m and M=18*28.8/(18+28.8)=11.08g, 
then Dy=0.25cmV^ at 20®C.
A similar model to the one described here was used to describe water transport at low 
saturation levels below the vapour percolation threshold, into sandstone rock beds (McDonald, 
Roberts and Pritchard, 1996).
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CHAPTER 4
FURTHER EXPERIMENTAL INVESTIGATIONS OF PARAMETERS AFFECTING THE 
DIFFUSION OF WATER IN  ZEOLITE 4A
The results and analysis presented in chapter 3 provided a detailed understanding of 
the long range transport of water in sodium zeolite 4A involved when water diffuses from 
fully hydrated powder into dry powder as a function of temperature. Chapter 4 describes three 
experimental studies which were perfoimed testing the validity of this model in different 
ways. The three investigations were firstly, to measure the bulk transport diffusion coefficients 
for water in zeolite 4A as a function of initial hydration in the hydrated bed. This was to test 
the validity of the model presented in chapter 3 over a range of different hydrations. 
Secondly, to measure the self-diffusion coefficients for water in sodium zeolite 4A and 
compare these with the bulk transport diffusion coefficients for water in sodium zeolite 4A 
at constant temperature and thirdly, to measure the bulk transport diffusion coefficients for 
ammonium exchanged zeolite 4A to investigate the effect of a different cation on the bulk 
transport diffusion coefficients.
Each of the three sets of experiments were performed using the repetitive pulse 
gradient echo technique described in chapter 1.2 and the analysis routine described in chapter 
3. The only distinction between each experiment was the actual sample used and the input 
parameters for the fitting routine. A full description of the samples and their preparation 
techniques was given in chapter 2.
4.1 TRANSPORT DIFFUSION AS A FUNCTION OF IN IT IA L HYDRATION 
Introduction
A model was presented in chapter 3 which stated that the bulk transport of water 
through beds of zeolite 4A was based on an interplay between rapid interparticle vapour and 
slow liquid intracrystalline diffusion mechanisms. A detailed concentration dependence was 
then described, which gave the overall effective diffusion coefficient D„ff as a result of
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combining the relative weightings of the vapour and liquid diffusion terms over the whole 
range of hydrations encountered in the bed. However, in solution of the diffusion equation 
in order to fit the experimental profiles, the same initial experimental and theoretical boundary 
condition was always used; namely that the hydrated bed was always fully hydrated. It was 
therefore felt that in order for the validity of the model to be certified, it was necessary to use 
the model to successfully fit experimental profiles taken from samples with lower initial 
hydrations.
Experimental
^H NMR imaging experiments were performed on samples consisting of contacting 
beds of hydrated : dehydrated sodium zeolite 4A in which the hydration of the hydrated bed 
was varied with filling factor values of 80%, 50% and 20%. The experiments were all 
performed at 34°C. The repetitive pulse gradient echo imaging sequence was used to record 
the profiles, which was described fully in section 1.2, along with the parameters and 
experimental procedure. A detailed description of the preparation of the samples was given 
in chapter 2, along with a bulk T  ^ characterisation of the zeolite 4A powder at similar 
hydrations to those of the initial hydrations encountered here.
Results and analvsis
The resulting profiles from the experiments are shown along with their theoretical fits, 
in figures 4.1 to 4.3. The areas are again normalised to the area of the first in the set and the 
y-axes are scaled so that the initial hydration of the first profile corresponds to the initial 
value Cgtart» of the concentration fitting parameter c, used to fit the profiles. Cg^ =^Cp/Cp°. It is 
again assumed that there is no more than a ±5% maximum variation in integrated signal 
between the profiles in one set, due to the increase in short Tg component at low hydration. 
The left hand edge of the 80% hydration sample shown in figure 4.1 is jagged. This is 
probably due to a local packing density fluctuation in the powder, but it does not affect the 
fitting quality of the diffusion front for the rest of the sample.
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Figure 4.1 NMR profiles of water diffusing from 80% filled sodium zeolite 4A into
dehydrated sodium zeolite 4A as a function of time at 35®C. The profiles were taken after (a)
0 hours, (b) 16.75 hours, (c) 38.25 hours and (d) 45.75 hours.
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Figure 4.2 NMR profiles of water diffusing from 50% filled sodium zeolite 4A into
dehydrated sodium zeolite 4A as a function of time at 35®C. The profiles were taken after (a)
0 hours, (b) 27.5 hours, (c) 53.7 hours and (d) 77.0 hours.
83
5
4•a
3
2
1'O
0 1050
Distance (mm)
3I
II
5
4
3
2
1
0 1050(b)
5
4
3
2'O
-8 1
0 0 5 10(c)
Distance (mm)5
4•c
3
2
1
«*%» I0 0 5 10(d)
Distance (mm) Distance (mm)
Figure 4,3 NMR profiles of water diffusing from 20% filled sodium zeolite 4A into
dehydrated sodium zeolite 4A as a function of time at 35°C. The profiles were taken after (a)
0 hours, (b) 16.75 hours, (c) 38.25 hours and (d) 45.75 hours.
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The profiles were fitted with solutions of the reduced dimensionless diffusion 
equation
—  =— [1 +k*exp(c)— ] 4.10t 9x dx
Where:-
4.2
4.3
Dj,C^
and:-
Q
c=—2. 4.4
Cp“
The factor 1 1 / ( 1 and therefore can be ignored. The symbols were all explained in 
chapter 3. The fits were broadened in the frequency domain with a Gaussian function as in 
chapter 3. The values of k used were derived from the linear temperature dependence of k 
shown in figure 3.10. A value of k=2.4e-5 corresponding to the experimental temperature of 
34°C was used to fit each of the three sets of experimental data. The value of 0 ,,^  ^used for 
each of the experiments was calculated from a linear dependence of 0;%* on the initial 
hydration of the hydrated bed, assuming that a value of 16.5 corresponded to full hydration 
and zero to full dehydration. The values of Dp and calculated from the fitting procedure 
are given in table 4.1, along with the corresponding fit parameters. The values of Dp from the 
partial hydration experiments are in general slightly larger than the corresponding value of 
2.7e-7 cm^ s'^  calculated for the full initial hydration experiments, but the fits are excellent. 
This could be due to an increased molecular path length at lower intracrystalline filling
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factors, particularly at the middle range filling factors such as in the 50% hydration sample. 
The values of vapour diffusion coefficient appear to be independent of the hydration in 
the bed and correspond approximately with the value for full hydration.
%Filling Temp
CC)
s^tart
(arb.)
k L
(cm)
t
ref.
(hrs)
T
ref.
Dp
(cmVs)
Dv
(cmVs)
20 34 4.1 2.4e-5 1.0 38.25 3.68e-2 2.67e-7 0.128
50 34 8.25 2.4e-5 1.16 31.0 5.55e-2 6.69e-7 0.32
80 34 13.2 2.4e-5 1.18 23.5 3.88e-2 6.38e-7 0.3
Table 4.1 Results for the partial hydration : dry diffusion samples for water in sodium zeolite 4A. %filling is 
the hydration level on a 0-100% scale, c,,^ is the initial wet side concentration fitting parameter which 
coiresponds with the initial wet side hydration of the sample, k is the quantity defined in equation 3.11, L is the 
sample length in cm, t is the time in hours of the reference profile and T the corresponding fit time. Dp and 
are also as before.
Conclusion
The excellent agreement between fits and profiles in the partial hydration experiments, 
suggests that the model presented in chapter 3 is valid over all hydrations in the bed. This 
implies that the interplay between the vapour and intracrystalline diffusion mechanisms as 
a function of hydration, is understood. The values of Cg^  ^used are slightly higher than would 
be suggested by the adsorption isotherm for water in zeolite 4A but this difference is 
consistent throughout the experiments. This difference is tolerable considering the large 
number of parameter constraints placed on the fitting procedure.
The deviation from Fickian behaviour occurs over a range of filling factors in the bed, 
from full hydration down to a value of about 60% where the vapour transport reaches a 
minimum and no longer dominates the overall transport rate in the bed. This lower limit of 
concentration can be calculated approximately by equating the vapour transport term with the 
particle transport term in the overall diffusion equation, given in equation 4.1.
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This gives
D CD «—î^ e x p [—£] 4.5<  c“
For a typical value of Dp of l.Oe-7 cmV^ and D  ^of typically 0.1 cm^s'\ a typical value 
for c (Cp/Cp®) of approximately 9.96 is calculated, which corresponds to a filling factor in the 
bed of approximately 60%. CC=4.03el0cm’^ , Cp®=8.59e20cm'^ . This is the filling factor above 
which the vapour phase starts to dominate the transport rate in the bed.
Varying the hydration in the wet side of the bed effectively selects a window of 
possible diffusion coefficients that a bed experiences during equilibration. For instance, a fully 
hydrated sample proceeds initially very quickly with the vapour being important in 
determining the overall rate of transport. This rate decreases as the vapour term becomes 
progressively less important; the process tending more and more towards a Fickian one at low 
to medium concentrations with a constant value. A 50% hydration sample is already
outside the window of concentration where the vapour is important (above 60%) and hence 
proceeds at a much slower rate. This is also reflected in the shape of the profiles. The 
diffusion edge of the initially 80% hydration sample shown in figure 4.1, is more vertical than 
that of the 50% hydration sample shown in figure 4.2 due to the added influence of the
vapour transport mechanism in the former.
A 1(K)% hydration sample experiences all the possible range of effective diffusion 
coefficients between 100% and 50% hydration, since the hydration in an initially 100%:0% 
hydration sample never drops below 50% when fully equilibrated. At early diffusion times, 
such a sample proceeds with a vertical diffusion front characteristic of rapid vapour diffusion. 
An initially 50% hydration sample experiences the range of effective diffusion coefficients 
between 50% and 20%, hence varying the initial hydration in the wet side of the bed 
effectively vaiies the window of effective diffusion coefficient values that a sample 
experiences. The 20% sample images of figure 4.3 have a slightly more Fickian shape as the 
vapour diffusion is less significant at this low hydration.
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4.2 MEASUREMENT OF THE SELF DIFFUSION COEFFICIENTS OF WATER IN  
ZEOLITE 4A
Introduction
Self diffusion is the name describing the microscopic transport process of a molecule 
moving within a group of like molecules, undergoing random Brownian motion. Therefore, 
the self-diffusion coefficient is a measure of the natural velocity of a molecule at a given 
temperature, devoid of any gradient of chemical potential acting upon it. The probability of 
motion is considered to be equal in all directions. The diffusion coefficients previously 
described in this thesis are strictly those of long-range diffusion carried out in the presence 
of a concentration gradient. In some molecular systems however, where there is a gradient 
of chemical potential present, there is sometimes a difference between the bulk transport 
diffusion coefficients and the self diffusion coefficients. The measurement of the self diffusion 
coefficient of a molecule directly from an ensemble of like molecules is not possible because 
each molecule is indistinguishable from another. Hence an NMR invisible tracer molecule is 
used for examining the behaviour of the molecular species under examination. For 
measurements on water, the best invisible tracer molecule to use is deuterium oxide because 
of the close similarity in chemical and physical characteristics between the two isotopes. The 
mass kinetic isotope effect is minimised by the use of deuterium oxide (DgO) as the tracer 
molecule (Le Claire, 1971).
Experimental
In this investigation, five self diffusion samples were prepared consisting of beds of 
sodium zeolite 4A prepared with water to a certain filling factor, contacting a plug of the 
same dimensions and the same filling factor, but prepared with the tracer molecule deuterium 
oxide. A full hydration : dry sample was also prepared as a reference. The levels of hydration 
in the samples were 100% performed at two temperatures, 90%, 75% and 50%. The full 
preparation method is described in chapter 2. The equilibration of these samples was then 
imaged as a function of time in the same way as before, at a constant temperature. The use 
of a thermostatically controlled heater in the bore of the magnet, not available for the earlier
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work, allowed the sample to remain in the magnet during the sample equilibration. This 
improved the quality of the profiles since the need for constant realignment of the samples 
in between the acquisition of the profiles was alleviated.
Analvsis and results
The resulting experimental profiles are shown in figures 4.4 to 4.8, along with the 
corresponding theoretical fit profiles. The magnetisation of the deuterated side of some of the 
self-diffusion samples was quite high. This was unfortunate and was due to the difficulty in 
non-destructively removing the water from the bed before the addition of deuterium oxide. 
A multiple DgO washing procedure was later employed to encourage chemical exchange 
between deuterium and hydrogen atoms on D^O and H2O molecules. This procedure removed 
more water than could be removed by drying alone. The success of this approach is evident 
in figure 4.5, where the initial magnetisation in the right hand side of the sample is much 
lower than in the previous studies; about four percent of full hydration. The offset initial 
hydration, although unwanted, was allowed for in the fitting procedure and hence is 
unimportant.
The analysis for the deuterated self diffusion samples as for the hydrated diffusion 
samples is based on two coupled diffusion equations:-
, 4.6
3t Sx T 5x St
where and Cp“ are the water (HgO) concentrations in the interparticle space and 
liquid water concentration within the particles respectively. Both are a function of time t and 
position X. BS/dt is an exchange term which maintains adsorption equilibrium on a local scale. 
The equations are added to eliminate the exchange term as before:-
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ec," a nP, sc « ^  ^  4.8
Bt dx dx  ^ dx
To describe the self diffusion experiments however, the model is modified by the use of a 
different adsorption isotherm
^HD
C ® < e x p (-E -) 4.9
Cp*
where Q,™ and Cp™* are the overall concentrations of HjO and DjO molecules in the bed. 
In equilibrium, that is locally, the ratio of HgO to DjO molecules in the vapour and particles 
is equal so that:-
pH pH
4.10p. HD pHD
This assumes that Cv“«C p“. €^"=4.03* 10^ "^ cm'^  and Cp“=8.59*10^cm‘^ are constants. 
Combining equations 4.9 and 4.10 gives:-
pHpO pHD
p ^
The pai'tial differential of Q " with respect to x is:-
•sp H pO pHD H p HpO pHD «y^ HD p  HpO pHD -y» HD
^ = _ ^ e x p ( . ^ ) ^  + Z L Z : L e x p ( ^ ) ^ - Z ^ x p ( : % - ) % -  
dx dx c™ C ° C“ 9% c “ ^
This can be substituted into equation 4.8.
There are two limiting cases of particular interest which describe the two experimental 
situations considered in this work; both lead to the diffusion equation
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<  4.13
ôt 8x 3x
For the measurable quantity Cp^ . The first describes the transport experiments using powder 
beds which contain only HgO molecules. In this case Cp™ = Cp” and the first and last terms 
in equation 4.11 cancel so that Dg^  is as before. The second case describes the self or tracer 
diffusion experiments in which the overall water concentration, Cv^+Cp^«Cp™ is maintained 
constant across the contacting beds so that BCphe/Bx=0. Hence:-
nD
As before, the factor r|/(l-ri)'C«l and so can be ignored. The important difference is 
that Dgff no longer depends on Cp“. Thus, in the tracer experiments, Fickian diffusion 
dynamics described by a constant diffusion coefficient are expected. In order to analyze the 
experimental results, it is preferable as before to transform the equations into a dimensionless 
form using the substitutions T=Dpt/L^ and X ~x/L  where L is the sample length in cm. For 
transport measurements the reduced equation is:-
|= J ^ ( (U k .e x p (c ) )g )  4.15
where c=Cp%p° is a reduced water concentration and ki=^DyCv° /(l-T|)TDpCp° is a constant. 
For the tracer measurements the reduced equation is:-
^ = A (( l.k ,e x p (c -® ) )g )  4.16
where c™‘=Cp™* /C^ and kg^D yC / /(l-T|)rDpCp™ are both constants.
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Figure 4.4 NMR profiles of fully hydrated sodium zeolite 4A equilibrating with fully
deuterated sodium zeolite 4A at 25°C as a function of time. The profiles were taken after (a)
0 hours, (b) 1 hour, (c) 2 hours and (d) 3 hours.
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Figure 4.5 ‘H NMR profiles of fully hydrated sodium zeolite 4A equilibrating with fully 
deuterated sodium zeolite 4A at 55® as a function of time. The sample was prepared using a 
better sample preparation procedure than the sample shown in figure 4.6 and hence has a 
lower initial magnetisation on the right hand side of the sample. The profiles were taken after 
(a) 0 hours, (b) 0.5 hours, (c) 1 hour and (d) 1.5 hours.
93
15
10
5
0 5 100(a)
Ic8
1J
15
10
5
0 0 5 10(c)
Distance (mm)
IIÜ
(S
15
10
5
0 1050(b)
Distance (mm)
15
10
o
5
0 0 5 10(d)
Distance (mm) Distance (mm)
Figure 4.6 NMR profiles of 90% hydrated : 90% deuterated sodium zeolite 4A
equilibrating at 34°C as a function of time. Profiles were taken after (a) 0 hours, (b) 2 hours,(c) 3 hours and (d) 7 hours.
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Figure 4.7 NMR profiles of 75% hydrated : 75% deuterated sodium zeolite 4A
equilibrating at 34”C as a function of time. Profiles were taken after (a) 0 hours, (b) 22.8
hours, (c) 55,8 hours and (d) 118.5 hours.
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Figure 4.8 NMR profiles of 50% hydrated : 50% deuterated sodium zeolite 4A
equilibrating at 34°C as a function of time. Profiles were taken after (a) 0 hours, (b) 46.5
hours, (c) 80.0 hours and (d) 129.5 hours.
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The area of the profiles in each temperature set were normalised to the area of the first 
profile in the set and then the first profile in the set scaled to the initial value of the 
concentration fitting parameter c^ r^t- Theoretical fits were generated using the fitting program; 
adopting the exact same fitting procedure as was used in fitting the full hydration profiles. 
The value of Cgq,^  corresponding to the level of hydration/deuteration and the value of k for 
a given temperature, along with the individual sample width were used as the input 
parameters to the fitting program. The generated fits were then broadened in the frequency 
domain using a Gaussian broadening function as before.
The resulting values for Dp and derived from the fitting procedure as before, are 
presented in table 4.2 along with Dp and D  ^values for bulk transport at similar values of 
filling factor in the bed and at similar values of temperature. The diffusion coefficient values 
for the tracer self diffusion experiments are generally similar or slightly greater than for the 
corresponding transport experiments, but not substantially so. At full hydration and low 
temperature, the fits are almost independent of Dp as expected. The importance of Dp 
increases with increasing temperature. This is because the intraparticle liquid diffusion is 
thermally activated and the diffusion coefficient increases according to an Arrhenius law with 
temperature, whereas according to ideal gas kinetics, D  ^ increases only with the square root 
of the absolute temperature. The value of Dp at 55°C is a factor of 3.5 times greater than that 
measured at 57°C for the transport measurements and D  ^is a factor of 6,5 greater. Whilst this 
experiment is relatively insensitive to D ,^ the increased values may reflect an additional 
hydrogen transport mechanism at work, that of molecular exchange. It is likely that H-D  
exchange which does not require the transport of water to occur, could become a significant 
process as the temperature is raised. The relative importance of Dp in the effective diffusion 
coefficient for transport experiments can also be increased by reducing the initial hydration 
of the hydrated bed.
Although the self diffusion experiments evolve with approximately the same vapour 
and intracrystalline diffusion coefficients as the bulk tiansport experiments and they follow 
the same concentration dependence, the self diffusion experiments evolve at a much greater 
rate because unlike the bulk transport experiments, the concentration in the bed is always 
constant. The rate at which they evolve is controlled by a constant effective diffusion 
coefficient, the value of which is determined from the concentration dependence at the value 
of concentration in the bed. The diffusion is Fickian since the concentration is constant.
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Temp
(°c.)
%DzO
/H ,0
filling
factor
s^tart k L
(cm)
t
ref.
(hrs)
T
ref.
Dp
(cm^/s)
Dv
(cmVs)
34 90 14.85 2.2e-5 1.13 3.0 0.00
153
1.83e-7 0.08
34 75 12,37 2.2e-5 1.36 55.75 0.00
813
7.54e-8 0.033
34 50 8.25 2.2e-5 1.14 80.0 0.06
08
2.77e-7 0.122
25 100 16.5 1.8e-6 1.1 2.0 0.00
275
4.6e-7 0.01
25 100
(H P )
16.5 3.0e-5 1.15 23.0 0.01
31
2.1e-7 0.125
55 100 16.5 2.5e-7 1.24 0.5 0.01
38
1.17e-5 0.059
Table 4.2 Results for the deuterated : hydrated sodium zeolite 4A long range diffusion experiments. The symbols 
are the same as in the previous tables. (HjO) indicates a bulk diffusion sample prepared as in chapter 3, for 
comparison purposes.
Conclusion
The values of the coefficients of self diffusion of water in zeolite 4A are comparable 
with those of bulk transport for water in zeolite 4A as a function of temperature, measured 
over a long range. The dependence of the self diffusion coefficients on water concentration 
is also the same for the two systems and hence the same model is used for both, with a slight 
modification enabling the description of the deuterium oxide molecules. The values for the 
two systems are basically the same for two reasons. Firstly, over long distances (typically 1cm 
as found here), the diffusion mechanisms are very strongly determined by the physical and
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geometric characteristics of the zeolite bed, such as the crystalline boundaries, which are the 
same for the two systems and secondly, the molecules in the vapour can be considered non 
interacting, since they are a dilute species in air. Therefore, self and transport diffusion should 
be described by similar parameters. At higher temperature there is some indication that M RI 
measured diffusion coefficients are greater in the tracer experiments, perhaps due to molecular 
exchange, independent of water transport.
4.3 STUDY OF THE EFFECT OF A DIFFERENT RESIDENT CATION ON THE 
DIFFUSION COEFFICIENTS OF WATER IN  ZEOLITE 4A
Introduction
The positions of cations within zeolite 4A have been derived from x-ray data. In each 
crystallographic pseudo unit cell of zeolite A there are twelve aluminium oxide and twelve 
silicon oxide tetrahedra and therefore twelve monovalent sodium cations (Breck, 1974). Eight 
of these sodium ions lie in the centre of the six-rings in the hexagonal faces and four occupy 
positions adjacent to the eight-rings. When the zeolite is hydrated, these four cations are 
probably completely hydrated and float in the centre of their coordination sphere of water 
molecules. When the water is removed, the cations are found to locate on the walls of the 
cavity since in the structural analysis unusually short Na-O distances were found (Reed and 
Breck, 1956).
The purpose of this study was to perform bulk transport diffusion measurements on 
ammonium exchanged zeolite 4A to investigate the effect of the cation on the coefficients of 
bulk transport diffusion.
Experimental
Ammonium exchanged zeolite 4A was prepared for this purpose from the sodium form 
by a multiple washing procedure with alkaline ammonium chloride solution. The full 
preparation procedure is described in detail in chapter 2. This was then fully hydrated and 
added to beds of dried ammonium substituted form zeolite 4A to produce diffusion samples 
from. Samples consisting of 100% : 60% and 95% : 60% hydration beds were prepared for
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equilibration at 25°C and samples consisting of 100% : 60% and 97% : 60% hydration beds 
were prepared for equilibration at 45®C. The familiar procedure of imaging as a function of 
time was performed as before.
Results
Figures 4.9 to 4.12 show the profiles of the four ammonium substituted zeolite 4A 
experiments with their corresponding fits. The samples had an undesirable amount of 
hydration on the drier side of the samples which was unfortunate. This was due to the fact 
that the powder was only dried very gently during preparation because the ammonium ion is 
known to be thermally unstable, so for this reason the zeolite was dried at 80“C for two days 
without vacuum. This proved insufficient to reduce the hydration of the dry side of the bed 
to less than about 60% filling. This is unfortunate but does not affect the fitting of the profiles 
because the hydration offset was corrected for in the fitting procedure. The contribution of 
the ammonium ion protons to the total magnetisation after a duration of 216|is was calculated 
from the bulk Tg study performed on ammonium substituted zeolite 4A and was described in 
chapter 2. This contribution resulted in an offset magnetisation level in the diffusion profiles, 
which had to be subtracted from the profiles before they could be fitted with the diffusion 
equation. This assumed that T% of the ammonium form was water concentration independent. 
This is probably reasonable on the grounds that all experiments were performed at relatively 
large hydrations.
The exact empirical formula for the ammonium form was deduced from 
spectroscopical analysis of a small sample of the powder. This was described in section 2.2. 
This was then compared with the empirical formula for the sodium form and the full 
hydration filling found to be approximately the same. This allowed a value of 0;%* of 16.5 to 
be used to fit the full hydration ammonium zeolite 4A profiles. The two partial hydrations 
were calculated from the change in mass of the two samples after drying for a short time and 
the values for Cg,g^  calculated from a linear dependence of 0 ,^^  ^ with hydration, assuming a 
value of 16.5 corresponding to full hydration.
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Figure 4.9 ‘H NMR profiles of 100% hydrated : 0% hydrated sodium zeolite 4A equilibrating
at 25°C as a function of time. Profiles were taken after (a) 0 hours, (b) 6.0 hours, (c) *23.0
hours and (d) 46.5 hours. This experiment accompanies that of figure 4.6.
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Figure 4.10 ‘H NMR profiles of fully hydrated ammonium substituted zeolite 4A equilibrating 
with partially dehydrated ammonium substituted zeolite 4A at 25°C as a function of time. 
Profiles were taken after (a) 0 hours, (b) 0.5 hours, (c) 1.5 hours and (d) 2.5 hours. A 
constant offset of 34% of the total magnetisation was removed, representing the ammonium 
ion proton components.
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Figure 4.11 NMR profiles of partially dehydrated ammonium substituted zeolite 4A 
equilibrating with more partially dehydrated ammonium substituted zeolite 4A at 25°C as a 
function of time. Profiles were taken after (a) 0 hours, (b) 0.5 hours, (c) 1.5 hours and (d) 4.0 
hours. A constant offset of 34% of the total magnetisation was removed, representing the 
ammonium ion proton components.
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Figure 4,12 NMR profiles of fully hydrated ammonium substituted zeolite 4A equilibrating 
with partially dehydrated ammonium substituted zeolite 4A at 45°C as a function of time. 
Profiles were taken after (a) 0 hours, (b) 0.7 hours, (c) 1.0 hours and (d) 1.3 hours. A 
constant offset of 34% of the total magnetisation was removed, representing tlie ammonium 
ion proton components.
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Figure 4.13 NMR profiles of partially dehydrated ammonium substituted zeolite 4A 
equilibrating with more partially dehydrated ammonium substituted zeolite 4A at 45®C as a 
function of time. Profiles were taken after (a) 0 hours, (b) 0.5 hours, (c) 1.5 hours and (d) 
12.0 hours. A constant offset of 34% of the total magnetisation was removed, representing 
the ammonium ion proton components.
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The exact values for all the parameters used are given in table 4.3. A value of k was taken 
from the temperature dependence of k described previously in chapter 3. The fits gave very 
good agreement with the profiles, despite the fact that the profiles had a very low signal to 
noise ratio and the difference in magnetisation between the wet and dry sides was also low. 
The fits were again broadened by a Gaussian function to simulate the effect of spectrometer 
broadening on the outside edges of the profiles. The values for Dp and were again 
calculated from the fitting parameters and the time constant generated by the fitting routine. 
These are included in table 4.3.
Temp
CC)
%
filling
wet
bed
s^tart k L
(cm)
t
ref.
(hrs)
T
ref.
Dp
(cmVs)
Dv
(cmVs)
25 100 16.5 2.2e-5 1.06 1.5 2.87e-3 8.97e-7 0.39
25 95 15.5 2.2e-5 1.25 1.5 2.05e-3 6.52e-7 0.287
45 100 16.5 6.8e-6 1.11 1.0 7.04e-3 4.86e-6 0.66
45 97 16.0 6.8e 1.23 1.5 0.011 6.75e-6 0.92
Table 4.3 Results for the ammonium substituted zeolite 4A diffusion experiments. The symbols are the same as 
in the previous tables.
Conclusion
The values for Dp and D  ^for water in ammonium substituted zeolite 4A appear slightly larger 
in general than their counterparts for bulk transport or self diffusion of water in the sodium 
form of zeolite 4A, although the resolution of the Dp/D  ^values is low and hence conclusions 
are hard to deduce from this data.
The reason why the resolution of Dp is low from this data can be explained by closer 
examination of the effective diffusion equation applicable to water in zeolite 4A which was
106
described earlier:-
Where:-
tiD
The factor T|/(1-T))T=1 and therefore can be ignored. Any physical effect that the 
presence of ammonium ions has on the bulk transport of water molecules through zeolite 4A 
with respect to sodium ions is reflected in the value for Dp derived from the fitting procedure. 
This is because the cation is resident inside the alpha and beta cages and hence only affects 
the intracrystalline diffusion coefficient Dp and not the interparticle diffusion coefficient D .^
For any effect of the cations to be measured using this technique, it is important for 
the hydration in the bed to be low enough for the intracrystalline diffusion terms in equation 
4.18 to be equal to or greater than the exponential vapour transport term. This is only satisfied 
when:-
In section 4,1 it was calculated that the transition between dominance of the vapour 
phase and dominance of the liquid phase over the effective transport rate of water in the bed 
occurred at hydrations above approximately 60%. The thermal instability of the ammonium 
exchanged zeolite 4A produced here, prevented it being dried to a hydration lower than 60% 
and so the results presented here may not have as much resolution in the values of Dp as 
desired. There was insufficient time to follow this work further, but it is suggested that this 
work is repeated in the future with a more thermally stable cation form of zeolite 4A.
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CHAPTER 5
A STRAY FIELD MAGNETIC RESONANCE IMAGING STUDY OF THE DRYING OF
SODIUM SILICATE FILMS
Introduction
The recent introduction of the new, high resolution, short Tg imaging technique of 
Stray field imaging (STRAFI) (Samoilenko et al, 1988) has given new scope to the field of 
thin film technology such as paints and coatings. In this chapter, a set of experiments are 
described which use the technique of (STRAFI) to investigate the drying of sodium silicate 
films. These are used widely as glues and coatings in commercial products such as household 
items.
Stray field imaging
Stray field magnetic resonance imaging is a powerful technique, recently introduced 
to solid state MRI. In STRAFI as opposed to conventional MRI, the sample is placed outside 
of the magnet in the inhomogenous fringe field. There the field varies with the reciprocal 
cube of the distance fi-om the magnet, producing a very large natural field gradient which 
STRAFI uses to its full advantage. The presence of the natural field gradient removes the 
need for extra field gradient coils in addition to the static magnetic field, which are required 
in conventional NMR imaging.
Since the STRAFI field gradient is permanent and hence time independent however, 
the ability to incorporate pulse gradients into Rf pulse sequences is lost, implying that none 
of the sophisticated solid state imaging sequences such as gradient echo steady state or line 
narrowing multiple pulse sequences can be used. At first sight this may appear as a major 
drawback but it is not in fact a problem. Such complicated pulse sequences are only required 
to overcome the broad linewidth found in short Tg systems, resulting from interactions such 
as the dipolar coupling and susceptibility phenomena. The linewidths associated with these 
phenomena are naturally overcome in STRAFI however, by the immense static field gradient 
strength which can be up to 50Tm \  strong enough to resolve these very broad lines naturally.
108
Such gradient strengths are not possible using pulsed gradients in the short time scale 
required.
The method of operation in STRAFI is quite different due to the large field gradient 
across the sample; as a result, only a very thin slice of the sample is on resonance at any one 
time. The thickness of this slice is dependent on two parameters, the gradient field strength 
which is fixed and the Rf pulse duration which is variable. Increasing the field gradient 
strength by the use of a stronger magnet is not an option, but if  it was, it would increase the 
resolution of the magnet by reducing the slice thickness. Instead, altering the duration of the 
Rf pulse effectively alters the bandwidth of the spectrum of spins that are excited by the pulse 
and hence determines the slice thickness. The slice thickness ôr for a gradient strength g and 
Rf pulse duration tp, is given by:-
5.1
where y is the magnetogyric ratio.
The concept of echoes is used to prolong the measureable lifetime of the fast decaying 
signal. However, a conventional spin echo pulse sequence such as 90jj-180y-180y... would lead 
to different slice thicknesses being excited by the 90° and 180° pulses. For this reason, the 
solid echo sequence; 90x-'t-90y-2't-90y... is used. This is a complex quantum mechanical 
phenomenon which will not be explained here, but the result of its use is a train of echoes 
with peaks every % seconds, where 2x is the time between pulses. Spin spin relaxation time 
information can be extracted fi*om the echoes by the usual method of finding the characteristic 
time for the intensity of the echoes to decay to 1/e of their initial intensity. Benson and 
McDonald, (1995) showed that it is necessary to multiply the intensity of the first echo by
1.5 to bring it into line with the other echoes in the series. This has been done for the 
experiments described in this chapter. Rather than Fourier transformation of the signal to form 
an image, which is required in conventional MRI, in STRAFI, the sample is moved through 
the resonance plane in the field by a distance equal to the slice thickness and a series of 
echoes is acquired at each position. An image is then formed by plotting the intensity of the 
first echo in each echo train as a function of sample position. Spatial mobility information can 
also be derived from the data by plotting the intensity of subsequent echoes in the echo trains
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as a function of sample position. This leads to a set of T  ^weighted images of the sample.
Strafi has previously been used to study solvent ingress into polymers (McDonald et 
al, 1993). Here it is used for the first time to study thin films. The thin films which have been 
chosen here are sodium silicate films, prepared from aqueous solutions. These were chosen 
because they show a strong dependence of T j on hydration, ranging from tens of 
microseconds in the glassy state to a few milliseconds in the highly viscous ’rubbery’ state 
and because in many other ways they display typical properties of films. There is already a 
considerable body of literature relating to high resolution nuclear magnetic resonance 
spectroscopy of silicate glasses (Eckert, 1992) and specifically to hydrous silicate glasses 
(Kohn et al, 1989). However, these measurements are necessarily confined to bulk 
measurements. A previous study of the drying of sodium silicate films was made by Dent 
Classer and Lee (1971) using differential thermal analysis and solubility tests, although this 
study too was necessarily confined to average bulk properties. One question which this work 
hopes to solve is whether the mobility of water within drying films is dependent on hydration 
only and is independent of the history of the film, such as the rate of drying. For instance, 
the same local hydration can be achieved either by rapid drying of the film at high 
temperature or by slow drying at low temperature, although there is no reason why the 
mobility of water in the two samples should be the same.
Experimental
Sodium silicate films were prepared by placing 30g of sodium silicate solution with 
a SiOj to Na^O mole ratio of 3.41 (C79, obtained from Crosfield group) in a plastic petri dish,
7.5 cm in diameter. The films were dried in temperature controlled ovens at temperatures 
ranging from 22°C to 62°C. The resulting films were typically l-2mm thick, with a moisture 
content in the range 28-38% by weight. The high moisture content films remained rubbery 
while the drier ones became glass-like. The films adhered strongly to the plastic of the petri 
dishes. This bond allowed a concentration gradient to develop across the sample, allowing 
water to escape predominantly through the exposed face of the film. A thin sample was then 
cut fi*om each dish and then imaged in the STRAFI probe. The rest of the film was returned 
to the oven in which it was being dried. Samples from each dish were then removed at 
subsequent times for imaging, which eventually built up a set of data describing the drying
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of silicate films as a function of drying temperature over time. The sample being imaged, was 
weighed and then lightly glued with superglue, onto a ground glass rod, by its unexposed 
surface. This was then placed in a tightly fitting glass NMR tube and sealed. The long tube 
helped ensure that the film remained orthogonal to the magnetic field gradient when placed 
in the NMR sample coil and magnet, whilst the rod filled the majority of the free volume. 
The magnet used was a 7T upright superconducting magnet and the NMR spectrometer used 
was a Bruker MSL 300MHz spectrometer driving a modified Bruker X nucleus probe 
equipped with a saddle coil. The bulk proton spin spin relaxation time T j was then measured 
for each sample after imaging in a Bruker Minispec operating at 20MHz. All imaging and 
bulk measurements were performed at room temperature. The probe was moved vertically 
using a large screw with a fine thread. Adjusting the screw allowed the sample to be moved 
with resolution better than 25|0.m. The region of field corresponding to a proton NMR 
frequency of 85MHz was used. The field gradient at this position was 38Tm \  A multiple 
solid echo pulse sequence was performed with a 90,^ °, 90y° pulse gap x of 50|is. 16 echoes 
were acquired in each echo train, extending the measurement time out to 1600|is. A pulse 
length of lOps was used. The slice thickness based on these parameters was calculated using 
equation 5.1 and found to be 53pm. The actual slice thickness used was 100pm, higher to 
allow for error in alignment of the samples.
Each of the profiles discussed in this work is the result of 128 averages and took 
typically between 1 and 2 hours to acquire. The cause of the relatively long acquisition time 
was the necessity to wait 1 second between each echo train for the nuclei to recover. The 
sample was kept stationary during data acquisition. An automated probe movement system 
would have allowed interleaving of data acquisition from all the slices which would have 
increased the speed of the acquisition substantially. This would have required velocity 
corrections to the data however. (Benson and McDonald, 1995). The system was first tuned 
using a rubber phantom prior to the experiment commencing.
Results
The bulk T^  analysis of the films at 20MHz showed that the high moisture content 
samples had two Tj components. The largest in amplitude (>90%) had a T% of order 5ms at 
38% moisture. The Tj of this component decreased rapidly with hydration. The smaller
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Figure 5.1 STRAFI profiles of a sodium silicate film dried at 42°C, taken after (a) 18 hours, 
(b) 39 hours and (c) 67 hours. The first (top trace), fifth, ninth and thirteenth (bottom trace) 
echo profiles are shown in each image.
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Figure 5.2 The density of sodium silicate solution as a function of hydration. The solid line 
is a least squares fit to the data.
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component (<10%) had a Tg of less than 20[xs and was attributed to isolated water molecules 
and OH groups. The lowest moisture content sample had a single T  ^ component of order 
80|is.
Figure 5.1 shows a set of STRAFI profiles of a sodium silicate film dried at 42°C, after (a) 
18 hours, (b) 39 hours and (c) 67 hours. Each image shows the first (top trace), fifth, ninth 
and thirteenth (bottom trace) echo profiles. Moisture is lost preferentially from the uppermost 
(right hand) surface of the film and the film thickness decreases as the film dries. 
Examination of the echoes in each image, shows that the intensity in later echoes is lost more 
quickly on the exposed drying surface (right hand side). This implies that the spin spin 
relaxation time is shorter on the drying side. This can be quantified by fitting the profiles with 
the exponential form:-
M(r,t) =Mg(r)exp(-—^ )  5.2
where M(r,t) is the magnetisation as a function of sample position and time, Mo(r) is the 
initial magnetisation as a function of position, t is time and T^(r) is the T% time as a function 
of position. The Tj time and the preexponential factor Mq can then be plotted as a function 
of r to yield spatial T% information. It is assumed that the very short T j component due to OH 
groups in sodium silicate, is not measured by the first echo after lOOjis. A shorter echo time 
would just complicate the analysis. Mq is thus a measure of only the mobile water 
concentration in the sample.
To enable quantification of the relationship between Mg and hydration, therefore 
enabling comparison of the profile intensities from different films, a correction for the 
variation in cross sectional area of the samples must be introduced. The magnetisation 
expected from a slice of film is given by:-
MQ(r)=KApjhj. 5.3
'where A is the cross sectional area of the film, is the local density, h, is the local hydration 
and K is a constant which includes the slice thickness ôr. The cross sectional area 
of the films is given by:-
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A = ^  5.4
tPa
where m, is the total mass of the sample, t is the thickness and p, is the overall density. 
The density of the films was measured as a function of hydration, h. The results are shown 
in figure 5.2. The overall density, based on the addition of volume fractions, is given by:-
p=----- 2 A :—  5.5
Pw+h(p4-p„)
where pj=2.4gcm'^  and p^=1.0gcm  ^ are the densities of fully dehydrated sodium silicate and 
water respectively. At low hydrations and when Pd«pw> the expression is simplified to:-
P=Pd"lt(Pd"Pw)
The solid line in figure 5.2 is fit to the data using equation 5.6.
Equations 5.3, 5.4 and 5.6 are then combined to yield an expression representing the 
magnetisation as a function of position in the film, normalised by the film thickness, an 
overall hydration factor and divided by the mass of the sample:-
K m .(p ,-V p ,-p J K  5,7
t(PdA(Pd"Pw))
The magnetisation intensities of each data set were normalised by equation 5.7. The 
film thickness s, has been measured directly from the profiles and the overall hydration h„ 
is available from the thermogravimetric analysis of the samples. The constant k, which is 
spectrometer dependent, was determined from the profiles of a film dried at 22°C for 48 
hours. The slow drying provided a film of near uniform hydration in which the local 
hydration h,. equals h^  throughout. Thus by solving a quadratic equation, it has been possible 
to deduce the hydration across each of the other films as a function of temperature and time. 
The calculated relaxation time as a function of position across a film dried at 48°C for 15, 23, 
45 and 63 hours is shown in figure 5.3 (a) and figure 5.3 (b) shows the calculated hydration 
for the same sample. Figures 5.4 (a) and 5.4 (b) show similar results for a film dried for
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Figure 5.3 (a) Calculated spin spin relaxation time profiles of sodium silicate films dried at 
48°C for fifteen hours (circles), 23 hours (squares), 45 hours (triangles) and 63 hours (solid 
circles), (b) shows the calculated hydration for the same films as in (a).
116
âI
gI
g1
0.4
b)
0.3
0.2
0.1 V
r» I
Distance, r (mm)
Figure 5.4 (a) Calculated spin spin relaxation time T% weighted profiles of sodium silicate 
films dried for 24±1 hours at 35°iC (circles), 48°C (squares) and 62°C (triangles), (b) shows 
the calculated hydration for the same films as in (a).
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Figure 5,5 The correlation between the calculated spin spin relaxation time and hydration for 
all the sodium silicate films studied, as well as for the starting solution and water. The solid 
line is discussed in the text.
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24±1 hour at 35, 48 and 62®C respectively. Figures 5.3 and 5.4 combined, represent almost 
half of the profiles recorded and span the full temperature and drying time range examined.
These experiments highlight the use of the STRAFI technique to quantify the drying 
process. Apart from the obvious observation that films dry more quickly at higher 
temperatures, it can also be seen that drying of the films is more uniform at lower 
temperatures. The film dried at 62°C appeared to have dried from both sides. This was 
confirmed by examining the sample during drying, which showed that the film had lifted from 
the dish that it was drying in.
Compared to the thermogravimetric analysis of the samples, the fitting procedure has 
systematically underestimated the hydration of the films by almost a factor of two in the 
worst case. The error is greatest at low hydration. In figure 5.3, the average hydrations for 
the four films, measured by thermogravimetric analysis are 38, 36, 31 and 28% respectively 
and * , they are 37, 36 and 30% respectively. This discrepancy is primarily due to
enors in the first echo intensity correction, to which the analysis is very sensitive. The 
multiplication of the first echo intensity by a factor of 1.5 is only applicable in the limit that 
the pulse gap is much smaller than T^  (Benson and McDonald, 1995). Partial line narrowing 
effects are also ignored (Mansfield and Ware, 1966). The omission of more complicated 
higher order corrections, systematically overestimates Tg and underestimates Mq at short Tg. 
Ignoring the very short T^  components also underestimates Mq. It is clear from the profiles 
presented in figures 5.3 and 5.4, that the spin spin relaxation time is very sensitive to the local 
moisture content. The Tg values determined from the profiles range from 200|J,s to 6ms and 
can range by an order of magnitude across one film. A graph of Tg against calculated 
hydration is shown in figure 5.5, which shows how water mobility is affected by different 
drying conditions. The data values were extracted from all of the recorded profiles at 300|im 
intervals. Also included in figure 5.5 are data points representing the solution fi-om which the 
films were dried (h=0.62) and bulk water (h=1.0). It is stiiking that the combined data in 
figure 5.5 tend to lie on a single curve. This very strongly supports the contention that the 
molecular mobility of water is independent of drying conditions and depends primarily on the 
local hydration. This answers one of the primary objectives of the study.
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*  for the three films shown in figure 5.4,
Discussion
The hydration dependence of the observed liquid spin spin relaxation time Tj^ bs» in porous 
systems is normally explained by a two site rapid exchange model as described by 
Zimmerman and Brittin, (1957), involving free and bound liquid molecules. Such a model has 
an observed spin spin relaxation rate given by:-
2 ^  bound ^  _^bound^
T cbs rpbound r^ficee2 2^ 2^
where; fbound is the fraction of bound molecules. It is often the case that the bound molecules 
are attached to solid surface sites. In the limit of fast diffusion and rapid exchange between 
bulk and surface sites, the relaxation rate is controlled by the pore to surface volume ratio 
which can be related to hydration (D ’Orazio et al, 1990). However, such a model is not 
applicable here. This is for two reasons. Firstly, it is assumed that the surface area of sodium 
silicate particles comprising the film and accessible to the water is independent of the 
hydration level. This is not the case in hydrated sodium silicate because the area of the 
particles can change due to the polymerisation of silicate anions. Secondly, the solid matrix 
in porous glasses and rocks provides a static environment for enhanced relaxation of bound 
components. This again is not the case in sodium silicate solutions where the water is bound 
to mobile solid particles. Attempts at altering the basic model to account for these behavioural 
differences, such as varying the available volume for bound water as the hydration is reduced, 
have been unsuccessful.
A successful model has been derived by invoking a critical hydration h^ , which is 
approximately the water required to fill the primary hydration layer around the sodium silicate 
species. For a hydration less than the critical value (h<hg), it is assumed that the system is a 
glass and that T% is a constant equal to For h>hg, the system is treated as a colloidal
solution in which the spin relaxation is governed by molecular motion and the dipolar 
interaction (Abragam, 1961), such that:-
5.9
^2
where T| is the viscosity and C is a constant given by (pg^h^)/(87tb^kQ8). b is of order an
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intemuclear distance, 0 is the temperature and the other symbols have their usual meanings. 
For b=2e-10m, C=108mkg'^ at room temperature. The viscosity of colloidal solutions has been 
studied extensively and is usually written in terms of the solid (volume) fraction, (j)=l-h (Guth 
and Simha, 1936), as:-
T| =q^(l +aj4>+a2<l>^ —)
where T\i and a^ , i=l,2,3... are constants. The sequence is truncated after two or three terms 
for small <j) (large hydrations). A more useful expression which can be applied more easily 
over a wider range of hydrations (Sahimi, 1994), is given by:-
-k 5.11
where and k are constants and h>h^ . Neglecting density differences and assuming that 
(|)=l-h, algebraic manipulation shows that T(i=nio(l-l\.)-k, ai=k(l-hc)'^ and a2=k(k+l)(l-hJ’V2 . 
Thus for h>hg:-
q,ok_^bouDd^O*-^c) 5.12
CHo
The constant Tibound is added to smoothly interpolate the motionally narrowed regime (where 
h>hj, with the rigid lattice regime (where h<hg). In the latter, the distribution of dipolar 
magnetic fields which dominate as the hydration decreases down to the critical value h^ ,, 
prevents T% from decreasing monotonically. An intermediate slow motion regime has not been 
considered because it would not be possible to determine it reliably from the current data. 
Figure 5 has been fitted empirically with a solid curve using the values; h,.=0.1, T2bound=200|is, 
Ct|o=0.625s‘  ^ and k=4.5. The value for k is similar to that used in a variety of systems 
described in the literature (Sahimi, 1994). Also, a k value of 4.5 gives viscosity power law 
coefficients of 5.0 and 15.3 for a, and a% respectively, which agree reasonably with 
theoretically predicted values of 2.5 and 14.1 for spherocolloids as described by Guth and 
Simha, (1936). The constant tIq also agrees with the expected value; a value of C T|Q=0.625s'^  
and C=108mkg'^ and setting h=l gives a viscosity value for water of 0.9e-3 m'^ kgs'\ with an 
accepted value of 1.0e-3m'^ kgs'^  at 20®C (Swindells et al, 1952).
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The value for the critical hydration ly=0.1, is 2-3 times smaller than expected for primary 
hydration of the sodium cations and is thus smaller than expected. This is explained by the 
underestimation of hydration already discussed. Similarly, the value of T2bound=200|is is greater 
than expected for a glass.
Conclusion
Stray field magnetic resonance imaging has been shown to be extremely useful in the study 
of drying processes in thin films, since it has the ability to combine Tg and hence mobility 
information with high resolution short T% imaging. The enormous field gradient inherent in 
STRAFI overcomes the broad resonance lines due to phenomena encountered in confined 
liquids, without the need for complicated line narrowing sequences and pulsed or oscillating 
field gradients. Evidence has been obtained in this work that the local water mobility in 
sodium silicate films depends primarily on the local hydration and is independent of the local 
drying history.
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APPENDIX
The Appendix contains a listing of the computer program Diffmod.pas, used to generate the 
theoretical fits for the water in zeolite 4A profiles presented in chapters 3 and 4. The 
algorithm solves the diffusion equation particular to water in zeolite 4A. This was given in 
equation 3.8. A starting profile from each experimental data set is used as the initial starting 
point and then the equation is integrated iteratively to generate theoretical fits for each 
experiment as a function of time. More detail on the fitting procedure was given in chapters 
3 and 4.
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(* DIFFMOD.PAS dl£Cualon modelling routine *)(* solves diffusion equation appropriate to water in zeolite 4A (* Used to fit experimental profiles with *)
PROGRAM DIFF_MOD (INPUT,OUTPUT);
(* Initialise variables *)
CONSTN-20;DX-l/M;DX2'DX*DX;NCYCLES-100;MULTIPLIER-0.12;DFRAC-0.005;
(‘UNITS CMS S*)
Set up variables.
TYPEN_ARRAY-ABRAY[0..N ] OF REAL;
P.PTEHP!I.kcount:J;FILEOUT:DATAOUT:CSTART,K,DT,DTX,PTOT, TOT, FRAC,DRY,ENDLOOP,kmult; 
BEGIN
(* Parameters *)
N_ARRAY;INTEGER;LOHGINT;STRING;TEXT; REAL;
WRITE('INPUT C-Cmax/Co WRITE {'INPUT %DRY WIDTH WRITE ('OUTPUT FILENAME ASSIGN(DATAOUT,FILEOUT);
'>;READLN(CSTART); '>;READLN(DRY);’);READLN(FILEOUT);REWRITE (DATAOUT) ;
(* Main loop *){* using range of k values *)(‘ and inputted value of Cstart *)
k:-1.0o-3;kmult:-l/(sqrt(sqrt(sqrt(10))));
for kcount;-l to 28 do begin
ki-k*ltmult;DTX:-MULTIPLIER/(1+K*EXP(CSTART)) ; DT;-DTX*DX2;FRAC:-1“DFRAC;
Input starting parameters
writoln(dataout); writoln(dataout); writeln(dataout, ' cstart writeln;write {'cstart ', cstart,'
k ' ,k) ;',cstart,' 
k ',k);
FOR I;-0 TO N DO P[I):-0;
FOR I:-TRUNC(DRY*N/100) TO N DO P (I ) î-CSTART;
PTOT;-0;FOR I:-0 TO N DO PTOT:-PTOT+P(I|;J;-0;
WRITE (DATAOUT, DT * J, ' ' ) ;FOR I:-0 TO N DO WRITE (DATAOUT, TRUNC-(P [ I ] *1E3/CSTART) , ' WRITELN(DATAOUT);
(* ITERATIVE LOOP *)
REPEATENDLOOP:-FRAC*CSTART;REPEATJ:-J+l;FOR I:-l TO N-1 DO PTEMPtI):-P[I]+DTX*( (1+K‘EXP((P[I+lI+P EI])/2)) - (l+K*EXP((PtI)+P(I“l])/2))
Generate set of diffusion profiles 
for each value of k in a loop.
(p(i+ii-p[ii) (P[I]-P[I-1)) );
PTEMP(0]!-P[0)+DTX*(1+K*EXP{(P{0)+P(11)/2)) * (P(l)-P(O));PTEMP(NJ:-P(N)+DTX*(l+K*EXP({P(N]+P(N-l])/2)) * (P[N-1)-P(N]);
TOT;-0;FOR I:-0 TO N DO TOT:-TOT+PTEMP(I);FOR I:-0 TO N DO P [I):-PTEHP[I]‘PTOT/TOT;UNTIL (P(N]<ENDLOOP) ;
write ('.');WRITE(DATAOUT,DT*J, ' ' ) ;
FOR I;-0 TO N DO WRITE(DATAOUT,TRUNC(P(I)*1E3/CSTART),' ');
WRITELN (DATAOUT) ;FRAC:-FRAC-DFRAC;
UNTIL (P(NI<0.75»CSTART); end;CLOSE(DATAOUT);
Output set o f profiles.
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